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ABSTRACT 
 Three Pt-based heterobimetallic lantern complexes of the form, 
[PtM(SAc)4(OH2)], M = Co (1), Ni (2), Zn (3), were prepared with thioacetate (SAc–) 
bridging ligands that exhibit short Pt…Pt interactions in the solid state. Three compounds 
with the form [PtM(SAc)4(3-NO2py)], M = Co (4), Ni (5), Zn (6) are formed upon 
reaction with 3-nitropyridine (3-NO2py) or alternatively the hydrated species 1—3 could 
be dehydrated to form the species [PtM(SAc)4], M = Co (7), Ni (8), Zn (9). Solid-state 
magnetism measurements indicate antiferromagnetic coupling of the paramagnetic 3d 
metal centers that can be attributed to the pathway established by the short Pt…Pt 
contacts. 
Additional families of thiocarboxylate lantern complexes were prepared via the 
reaction of 1—3 or 7—9 with nitrogen or oxygen donor ligands. Reaction of 7—9 with 
pyridine yielded complexes with the form [PtM(SAc)4(py)2], M = Co (10), Ni (11), Zn 
	 viii 
(12). Complexes 10—12 could be thermally converted to the complexes 
[PtM(SAc)4(py)], M = Co (13), Ni (14), Zn (15) respectively. Reactions with the 4-
aminopyridine ligand (amp) yielded exclusively monopyridyl species of the form 
[PtM(SAc)4(amp)], M = Co (16), Ni (17), Zn (18). O-donor solvents bind the dehydrated 
core [PtM(SAc)] to give the complexes [PtCo(SAc)4(DMSO)](DMSO), 19, and 
[PtNi(SAc)4(DMF)](DMF), 20. Several diamagnetic complexes were prepared with the 
form [PtM(SOCR)4OH2], R = CH3, M = Mg (21); R = C6H5, M = Mg (22), Ca (23), and 
Zn (24) to examine the effect of the 3d metal on the electronic environment as 
determined by 195Pt NMR. 
 An additional family of complexes were prepared with pyrazine (pyz) linker 
ligands to form coordination polymers of the form [PtM(SAc)4(pyz)]n M = Co (25), Ni 
(26), Zn (27) and [PtM(SAc)4(pyz)0.5]2 M = Co (28), Ni (29), Zn (30). Two novel 
diplatinum complexes have been prepared with the 2,6-dimercaptopyridine (H2dmp) 
protoligand of the form [Pt2(Hdmp)4], 31, and [Pt2(phen)2(Hdmp)2], 32. 
 Finally, a facile synthesis for ricinoleic acid, RA, coated ferrite spinel 
nanoparticles MFe2O4 · RA, M = Mn (33), Co (34), Ni(35), Zn(36) has been developed. 
The ferrite spinels were prepared hydrothermally and the synthesis and characterization 
of these nanoparticles will be discussed. 
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Chapter 1 
 INTRODUCTION 
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1.1. Extended One-dimensional arrays. As our society surges into the 21st century we 
are consuming more energy than ever before. Global demand for energy is expected to 
soar to over 20 terawatts by 2020, an almost 200% increase since 2000, constituting 
dramatic rise over twenty years.1 Coupled with this increased demand for energy is the 
ever increasing demand for smaller and more efficient consumer and industrial 
electronics. As we approach the lower limit of Moore’s Law,2 and the size of electronic 
components drops into the nanometer realm, new technologies will need to emerge to 
further decrease component size and increase efficiency. This desire for miniaturization 
and efficiency has enticed many scientists throughout the decades toward the pursuit of 
the one-dimensional (1D) conductor. A one-dimensional conductor could satisfy both the 
requirements of increased efficiency and reduced size, by limiting conductivity to the 
long axis of a 1D structure and limiting the diameter to the radii of the atoms from which 
the wire is assembled. 
The first one-dimensional Pt metal chains were synthesized in the mid-1800s3,4 
and later described in the early 20th century,5 but it was not until the 1960’s that the 
pioneering work of Krogmann6 demonstrated that with chemical modification these 
materials could behave as 1D metals. The field of metal-based 1D conductors was born 
from this discovery in the 1960s and saw much growth and development through the 
1980s,7,8 and the field has undergone a renaissance recently.9 However, discrete dinuclear 
compounds with metal—metal bonds have been used to prepare one-dimensional 
systems, an approach employed in this thesis.9 The inspiration for this building block 
approach to preparing 1D conductors comes from the pioneering work on partially-
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oxidized tetracyanoplatinate salts (POTCPs),6 which exhibit high room temperature 
electrical conductivity,10 the ‘platinum blues’ which form extended 1D structures and 
strong electronic communication,11 and more recently extended metal atom chains 
(EMACs), that linearly arrange 3 to 11 metal atoms with a rigid ligand backbone, exhibit 
physical properties indicative of metal-metal interactions, and the subject of detailed 
electronic and structural analysis.12,13 
 
1.1.1. Krogmann Salts. The most widely studied and best understood examples of 1D 
molecular conductors are the families of partially oxidized tetracyanoplatinates 
(POTCPs)10 also known as Krogmann salts.6 The parent complexes of the POTCPs are 
simple square-planar complexes prepared with the [Pt(CN)4]2- anion. A variety of 
counter-cations have been employed including all of the non-radioactive alkali and 
alkaline earth metals as well as ammonium.6,10 These tetracyanoplatinate anions were 
found to form infinite one-dimensional chains in the crystalline phase that stack via close 
 
Scheme 1.1. Schematic of [Pt(CN)4]2- stacking and Pt dz2 orbital overlap. 
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contacts between platinum centers, as shown in Scheme 1A. This type of non-covalent 
M—M interaction between d8—d8 closed subshell metal centers, now termed 
metallophilicity14 has been widely observed, extensively studied, and will be discussed in 
detail in Chapter 2. 
Scheme 1.2. Hypothesized polymeric structure of Pt(CH3CONH)2 
 
Partially oxidized systems of [Pt(CN)4]n-, in which n is a non-integer value 
between 2 and 3 have been prepared in several ways. The initial preparation of these 
partially oxidized species by Krogmann and his predecessors involved simply co-
evaporating aqueous solutions of Pt(II) and Pt(IV) cyanide-containing complexes. For 
example, evaporation of a solution of K2[Pt(CN)4] and K2[Pt(CN)4Cl2] resulted in a 
compound of the stoichiometry K2[Pt(CN)4]Cl0.32 · 2.6 H2O regardless of the initial ratio 
of starting materials, suggesting that the resultant complex is a well-defined 
thermodynamic product.15 The complex K2[Pt(CN)4]Cl0.32 forms 1D chains of 
[Pt(CN)4]1.68- (Scheme 1.1) wherein Pt exists in an average, nonintegral oxidation state 
(NIOS) of +2.32 with a very short Pt—Pt distance of 2.88 Å compared to the Pt—Pt 
distance of 3.478(1) Å of the parent K2[Pt(CN)4] · 3 H2O.10 The potassium cations and 
O NHO
NH
PtPt
NHO NH
O
O NHO
NH
PtPt
NHO NH
O
O NHO
NH
PtPt
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the partially occupied Cl- positions form a channel running parallel to the 1D chains of 
[Pt(CN)4]1.68- anions. These partially oxidized species exhibit highly anisotropic room 
temperature conductivity along the axis of the Pt chains.10 
 
1.1.2. Platinum Blues. Concurrent with the research on POTCPs was the discovery and 
exploration of the structurally related so-called “platinum blues.” The first “platinblau” 
was described by Hofmann and Bugge16 in 1908 and determined to have the formula 
[Pt(CH3CONH)2] · H2O, though it was proposed much later to be polymeric with 
bridging acetamidate ligands and short Pt—Pt distances (Scheme 1.2) that might account 
for the observed blue color of the complex.17 Despite more recent attempts,11 structural 
characterization of the original platinum blue compound prepared by treatment of  
[Pt(CH3CN)2Cl2] with AgI salts, remains elusive.17-22 This difficulty in ascertaining the 
structure of the original “platinblau” was circumvented by the preparation of complexes 
with different ligands that contained similar acetamidate-type binding moieties (Scheme 
1.3). The first direct structural characterization (Figure 1.1) of a “platinum blue” was 
achieved by Barton and Lippard. for the complex [Pt4(NH3)8(µ-α-pyridonato-
N,O)4](NO3)5 · H2O.23,24 A tetraplatinum zigzag chain structure was revealed that 
Scheme 1.3.  Bridging amidate ligands used for cis-diammineplatinum-blues and related 
complexes. Arrows indicate observed bridging mode	
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contains two dimeric platinum units bridged by two pyridonate ligands with each 
platinum center coordinated to two ammonia ligands that hydrogen bond with the oxygen 
atom of an adjacent pyridonate (Figure 1.1). Both the intra- and interdimer Pt—Pt 
distances of 2.7745(4) and 2.8770(5) Å respectively are  suggestive of Pt—Pt covalent 
bonding similar to what was observed in POTCPs. The ligand stoichiometry and number 
of nitrate counter ions suggest a mixed-valent complex that contains formally three Pt(II)  
 
centers and a single Pt(III) center. A single Pt(III) center is consistent in the overall 
paramagnetism of the complex, however, each Pt is better described with a NIOS of 
Figure 1.1. ORTEP of [Pt4(NH3)8(µ-α-pyridonato-N,O)4]5+ cation. Hydrogens and nitrate 
counter ions have been omitted for clarity. Ellipsoids are drawn at the 50% level.24 
		
7	
2.25+ because there are no distinguishable discrete Pt(II) or Pt(III) centers based on the 
Pt-ligand distances. Additionally, the single unpaired electron has been shown to be 
delocalized along the entire platinum chain by electron spin density and magnetic 
susceptibility measurements.24 Since the structure of [Pt4(NH3)8(µ-α-pyridonato-
N,O)4](NO3)5 · H2O was obtained, many other platinum blue type complexes have been 
structurally characterized11 that employ a host of different bridging amidate ligands 
(Scheme 1.3). Several key coordination characteristics of these compounds can be 
applied more generally to the synthesis of extended 1D assemblies of complexes with 
nonintegral oxidation states. First, and probably the most obvious is the use of cis-platin 
or related square planar starting materials for the synthesis of platinum blues. In the case 
of “platinblau” the complex [Pt(CH3CN)2Cl2] functions similarly to cis-platin 
synthetically except that instead of exchanging chloride ligands for amidate ligands, the 
acetonitrile molecules coordinated the complex are attacked by hydroxide to form 
acetamidate ligands in situ.19 In order for the dimers that constitute the building blocks of 
the platinum blues to form close interactions they must have sterically undemanding 
ligands like –NH3 in a cis-arrangement to allow an eclipsed geometry with the more 
sterically demanding acetamidato ligands. Additionally, the hydrogen bonding that takes 
place between ligands like pyridonate and NH3 also assists in directing the formation of 
an extended 1D array.  
		
8	
1.1.3. Extended Metal Atom Chains.  Extended metal atom chains (EMACs) are a 
family of 1D materials structurally related to the platinum blues that afford the chemist 
more synthetic and predictive control over the resultant structures.25 Unlike the platinum 
blues, EMACs are prepared with four bridging ligands and do not rely on intermolecular 
forces (hydrogen bonding, Pt—Pt interactions) to assemble the extended chains. 
Oligopyridylamines, such as the prototypical di-2-2’-pyridylamine (Hdpa) (Scheme 1.4) 
have been deprotonated and used to prepare EMAC complexes (Scheme 1.5) and 
extended ligands have been prepared (Scheme 1.4) that have been used in the synthesis of 
chains containing up to nine metals13 with the longest EMAC complex containing 11 
metal atoms prepared with a related tetranaphthyridyltriamine (H3tentra, Scheme 1.4).26 
Scheme 1.4. Bridging polypyridylamine protoligands. 
 
The strict synthetic control garnered over the EMACS length by the length of the 
ligand and the variability of the metal atoms that can be used to prepare EMAC 
complexes has made this family of complexes an ideal test bed for detailed magnetic, and 
N N
H
N
di-2,2'-pyridylamine (Hpda)
N N
H
N N
H
N
n
poly(pyridylamine)
N N
H
NN N N
H
N N
2
H3tentra
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electronic structure characterization12 as well as for probing charge transport in extended, 
but not infinite, arrays of metal atoms.27-29 The magnetic properties of EMACs are of 
primary interest as the majority of the prepared compounds in this family have unpaired 
electrons that give rise to a magnetic moment.  
Scheme 1.5. Two examples of EMAC complexes with polypyridylamide ligands. 
 
The first EMAC, [Ni3(dpa)4Cl2] was synthesized by Hurley and Robinson30 in 
1968, but it was not until 1991 that a structure was determined by X-ray 
crystallography.31 The X-ray structure revealed a tri-nickel complex with four bridging 
dpa– monoanions in a helical arrangement around the trimetal core. The helical structure 
results from ligand torsion attributed to steric repulsion between the adjacent hydrogen 
atoms on the pyridyl rings. Each nickel is in the +2 oxidation state and the trimetal chain 
is terminated by chloride coordinated in the axial positions as is typical of most EMAC 
complexes, though complexes have been prepared with alternative metal oxidation states 
and neutral ligands in the axial positions.12 This tri-nickel species does not contain 
metal—metal bonds as all the nickel centers have a low-spin d8 electronic configuration, 
but analogous compounds, all of the form [M3(dpa)4Cl2], have been prepared with 
divalent cobalt,32 ruthenium,33 rhodium,33 and chromium,34 and have been shown to 
M M M M M M M M XXXX
[M3(dpa)4X2] [M(3+2n)(poly-pa)4X2]
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contain metal—metal bonds. The tricobalt complex, [Co3(dpa)4Cl2] has a short, localized 
Co—Co bond with a distance of 2.290(3) Å and a longer Co…Co distance of 2.472(3) Å. 
Magnetic data of this tricobalt complex suggest the complex behaves effectively like a 
combination of a low-spin cobalt dimer of D4h symmetry consistent with complete 
pairing of the electrons in a σ2π4δ2δ*2π*4 configuration and an isolated high-spin square 
pyramidal Co(II).32 
The complex [Co3(dpa)4Cl2] is an illustrative example of how closely the physical 
properties of EMACs are tied to details of the electronic structure of the complex. It was 
observed that [Co3(dpa)4Cl2] can undergo a thermally induced spin-crossover from a low-
spin (S = ½) state from 5 to 150 K, to a high-spin state (S = 3/2 or 5/2) at room 
temperature.35 The complex [Co3(dpa)4Cl2] forms two different crystalline forms, an 
unsymmetrical version32 u-[Co3(dpa)4Cl2] · 2CH2Cl2 and a symmetrical36 version  
s-[Co3(dpa)4Cl2] · CH2Cl2 that are responsible for the different observed room 
temperature magnetic susceptibilities observed.35 The unsymmetrical structure has a short 
Co—Co distance of 2.290(3) Å and a long Co—Co distance of 2.432(4) Å, leading to an 
antiferromagnetically coupled pair of CoII centers and an isolated paramagnetic CoII ion, 
consistent with the observed spin-crossover behavior (S = ½ to S = 3/2).35 The magnetic 
data for the symmetrical s-[Co3(dpa)4Cl2] · CH2Cl2 are best fit to a spin cross-over from 
an S = ½ ground state to S = 5/2 at room temperature, though the authors note that the 
magnetic moment of the crystals does not plateau at higher temperatures, instead crystal 
integrity is compromised at 350 K before magnetic saturation is reached.35 
		
11	
The ruthenium(II) complex, [Ru3(dpa)4Cl2], exhibits a short Ru—Ru—Ru three-
centered multiple bond with one unique Ru—Ru distance of 2.2537(5) Å that is 
consistent with a bond order of 1.5 between each Ru pair.33 Sheu et al. propose a 
σ2π4δ2nb8δ*2 electronic configuration as shown in Scheme 1.6 left, which explains the  
 
observed Ru—Ru bond distances and diamagnetism of the complex. The trinuclear Rh-
derivative has a three-centered Rh—Rh—Rh bond with a single Rh—Rh distance of 
2.3920(5) Å, suggestive of a bond order of 0.75 between Rh centers, and consistent with 
the addition of 3 electrons into antibonding orbitals of the MO scheme of the {Rh3} 
complex Scheme 1.6 right.33 The Cr-derivative, [Cr2(dpa)4Cl2] has a unique Cr—Cr bond 
distance of 2.36(1) Å consistent with Cr—Cr double bonds and an electronic 
configuration of σ2π4δ2δnb2πnb2. 
The dpa– ligand scaffold has also been used to prepare a number of 
heterotrimetallic EMAC complexes. These complexes have been prepared with three 
 
Scheme 1.6. MO diagram of [RuII3(dpa)4Cl2] (left) and [RhII(dpa)4Cl2] (right) 
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different early transition metals such as [CrWMo(dpa)4Cl2],37 however, more often they 
are prepared with two different late transition metals as is the case for 
[NiPdNi(dpa)4Cl2],38,39 [CoPdCo(dpa)4Cl2],40 and [CuMCu(dpa)4Cl2] where M = Pd or 
Pt.41 Several, examples of heterotrimetallic EMACs with both early and late transition 
metals have been synthesized including [Ru2M(dpa)4Cl2], where M = Cu or Ni,42 
[CrCrM(dpa)4Cl2] where M = Fe or Co,43 and [MoMoCo(dpa)4Cl2].44 
1.2. Electronic Structure of 1D Systems. Unlike bulk metallic conductors with one type 
of atom in which conductivity arises from the isotropic delocalization of electrons 
throughout the entire conductive material, conductivity in the Krogmann salt 1D systems 
results from electron delocalization through metal-based molecular orbitals that are high 
in dz2 and pz orbital character.10 In order to understand electronic conductivity in POTCPs 
it is important to discuss first the electronic structure of 1D chains and how it arises from 
individual Pt(II) units. Beginning with the simplest pairwise metallophilic interaction 
between two square planar Pt(II) complexes, the molecular orbital diagram in Scheme 1.7 
illustrates the hypothetical interaction between fully occupied dz2-based orbitals to form 
fully occupied σ and σ* orbitals. With no other components, the resulting interaction is a 
2-center, 4-electron one with no net energy gain. The bonding observed results from 
symmetry-allowed mixing of the fully occupied 5dz2 orbital with the empty 6pz orbital of 
molecules with D4h symmetry. The configuration interaction results in the “repulsion” 
and greater energetic separation of nondegenerate orbitals with the same symmetry.6 This 
interaction lowers the energy of the in-phase interaction between 5dz2 orbitals and raises 
the energy of the in-phase interaction between 6pz orbitals as shown on the right side of 
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Scheme 1.7. Pairwise overlap of two Pt dz2 orbitals	
Scheme 1.8. Scheme of the interaction of 6pz and 5dz2 orbitals without (left) and with 
(right) a configurational interaction in D4h symmetry 
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Scheme 1.8. Similarly, the a1g orbital resulting from the out-of-phase 5dz2 overlap is 
lowered in energy while the corresponding a2u out-of-phase 6pz interaction is placed at 
higher energy.  
Extending the electronic structure analysis of Pt(II) complexes from metallophilic 
dimers to 1D chains requires band theory to describe an infinite number of discrete levels 
with a finite number of bands. These 1D chains have a fully occupied (assuming all Pt(II) 
centers) valence band, largely comprised of the 5dz2 orbitals of the individual Pt(II) 
centers, with a small band gap to the empty conduction band primarily composed of the 
unoccupied 6pz orbitals (Scheme 1.9). The energy difference between the bands is a 
function of the Pt…Pt distance, in which a short Pt…Pt separation and strong interaction 
results in wider bands and a smaller band gap. Scheme 1.9 shows that as the Pt…Pt 
distance decreases from left to right, the band gap decreases. This electronic description 
explains the observation that 1D Pt(II) chains absorb visible light at lower energies than 
structural isomers without close intermolecular Pt…Pt interactions.45 The longer-
wavelength absorbing complexes with short Pt…Pt distances have a smaller band gap that 
requires less energy to promote an electron. This band description also explains the poor 
semiconductor or insulator behavior of these infinite arrays of Pt(II) centers because 
significant energy is required to promote an electron from the valence band to the 
conduction band in these systems assembled via metallophilic contacts.10 Transition of 
electrons from the valence band to the conduction band with heat or light have been 
observed to give rise to conductivity parallel to the axis of the 1D chains.6 The reduction 
in the energy of the band gap as a function of Pt…Pt separation is further supported by the  
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Scheme 1.9. Band structure of infinite metallophilic chain as a function of Pt…Pt distance 
as it decreases from left to right 
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findings of previous high-pressure conductivity measurements on Magnus’ green salt 
(MGS), [Pt(NH3)4] [PtCl4].46 Magnus’ green salt forms a 1D chain of alternative [PtCl4]2– 
anions and [Pt(NH3)4]2+ cations with a short unique interplatinum separation of 3.25 Å 
between d8 Pt(II) centers.47 Single crystals of Magnus’ green salt that are subjected to 
high pressures, ca. 20 kbar, undergo a dramatic increase in conductivity to a value of 
about 5 x 10-4 S · cm-1, roughly an order of magnitude greater than the conductivity at 
ambient pressure concomitant with a decrease in Pt…Pt separation from 3.25 Å to about 
3.04 Å at 20 kbar.46 The dz2 band is fully occupied in unoxidized Pt(II) chains and the 
 
Scheme 1.10. Band structure of a metallophilic versus partially oxidized chain 
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upper part of this band is anti-bonding in character because it is above the energy of the 
5dz2 orbital in the isolated parent molecule (Scheme 1.10). Removing electrons from the 
antibonding part of the band strengthens the bonding interaction between the Pt centers. 
Upon partial oxidation, short Pt…Pt distances (~2.5 Å) arise as well as an overlap of the 
valence (5dz2 based) and conduction (6pz) bands as shown in Scheme 1.10. These 
materials retain their one-dimensional character, now supported through weak and partial 
Pt—Pt bonds, and the average platinum center in the chain has a NIOS typically in the 
range of +2.19 to +2.40. This oxidation results in a dramatic increase in conductivity, for 
example K2[Pt(CN)4]Br0.30 · 3 H2O has a room temperature electrical conductivity of  
1050 S · cm-1.10 Due to the high degree of geometric anisotropy (and resultant electronic 
anisotropy) of these systems, the flow of electrons is restricted to the interacting orbitals, 
and thus the primary axis of the extended 1D structure.10  
The electronic structure of symmetrical trinuclear EMACs is relatively simple in 
that the d orbital manifold is comprised of bonding and antibonding, orbital combinations 
with σ, π, and δ symmetry as in D4h dimers such as [Re2Cl8]2-, but also with non-bonding 
orbitals that dimeric structures do not have. The σ set of orbitals are composed of metal-
based orbitals with dz2 symmetry and exhibit the largest orbital splitting. 
The π set is made of up dxz and dyz orbitals that are less spread out in energy. 
There are two sets with δ symmetry, one lower in energy made up of interacting dxy 
orbitals, and another at much higher energy composed of interacting dx2-y2 orbitals. The δ 
set with dx2-y2 character is the highest lying orbital in the manifold because of significant 
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antibonding overlap with ligand N atom lone pairs. The σ* interaction between the ligand 
lone pairs and the dx2-y2 orbitals limits the δ overlap between dx2-y2 orbitals. The orbital 
splitting diagram of symmetrical trinuclear EMACs has a general ordering of molecular 
orbitals from low to high energy as shown in Scheme 1.11.13 Guided by this general 
bonding manifold it is clear that any complexes prepared with metal centers possessing a  
 
Scheme 1.11. MO overlaps and relative energies for a trinuclear [M3(dpa)4Cl2] species. 
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sum of d electrons less than 24 will result in a net bonding interaction. This bonding 
interaction will be three-centered resulting in electron delocalization over the three metal 
centers. Fewer occupied antibonding orbitals will result in a higher bonding order in these 
complexes and more delocalized electron density across the metal centers. As the bond 
order increases in EMAC systems, the metal atoms get closer together and in symmetrical 
systems this shortening intermetallic separation is coupled with a stronger bonding 
contribution from orbitals that are delocalized on all three metal centers, and results in 
increased conductivity along the z-vector of the EMAC as described in Section 1.6. 
1.3. Measuring Conductivity of 1D systems. For an Ohmic conductor the quotient of 
the measured voltage divided by the applied current results in the resistance of the 
sample, Ohm’s law. Most measurements of 1D conductors also include a geometrical 
parameter by multiplying the determined resistance by the distance over which the 
voltage was measured, giving resistivity in Ω · cm. Conductivity values are simply the 
inverse of the resistivity, often reported as S · cm-1. 
Early conductivity measurements of 1D systems were typically carried out by 
direct methods on a single crystalline sample. Contact pads were added to the surface of a 
crystal with silver paint and then a small current was forced between the contacts and the 
voltage measured.48 Employing crystalline samples allowed the observed conductivities 
to be related to the structural parameters of the material in the crystalline phase directly. 
To determine the path of conductivity in 1D structures, the faces of a single-crystal are 
indexed crystallographically so that conductivity along different crystalline axes can be 
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differentiated.48 This method has been widely used for the measurement of conductivity 
of POTCPs6 and for infinite chains of platinum blues.49 The major limitation of this 
technique is that it requires robust, macro-scale ( > 0.1 mm ) crystalline materials. 
Conductivity measurements performed in this manner are also difficult because lattice 
imperfections in the crystal can hinder electron transport much more in 1D systems than 
in 2D or 3D conductors that have additional pathways.6 This technique also requires that 
the compound being probed has extended connectivity throughout the entire crystal, 
limiting its utility to measuring infinite 1D systems. New techniques have been 
developed more recently in order to obtain meaningful results from 1D systems that are 
of finite length like EMACs. Different methods have been developed to directly and 
indirectly measure the conductance of the trapped molecules.  
Two methods that have been developed involve either using the current resulting 
from electron tunneling in scanning tunneling microscopy experiments as a measure of 
conductance28,29 (Scheme 1.12 Left) or by fabricating a single-molecule junction and 
applying a gate voltage to induce current to pass through the trapped molecule and 
directly collect current vs. potential data (Scheme 1.12 Right).27 However, because the 
experimental design is tailored to the molecules being measured and the magnitudes of 
the current changes are miniscule, interpretation of the data generated by these systems is 
nontrivial.12  
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The conductance of a series of pentametallic EMAC complexes of the form 
[M5(tpda)4(NCS)2] (M = Cr, Co, Ni; tdpa = tripyridyldiamidate) has been measured by 
exploiting the affinity of the ligand thiocyanate S atoms for Au electrodes.29 The design 
of these single molecule conductance measurements forces a single EMAC molecule to 
be trapped between two electrodes. The EMAC molecules were isolated by coating the 
surface of the Au electrode with an alkane-thiol to create a non-conductive surface that 
interacts minimally with the EMAC and the other electrode to create an insulating 
background for conductivity measurements. 
 
Scheme 1.12. Left: STM-based molecular conductance apparatus. Right: Microfabricated 
single-molecule junction. 
 
 The other electrode was a scanning tunnel microscopy (STM) tip composed of 
Pt/Ir that also has an affinity for the thiocyanate S atoms to complete the circuit. The 
conductance was monitored by STM, and the molecular conductance interpreted by 
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analyzing the current as a function of topographical height, Δh. The STM tip was aligned 
with the surface to give a constant measure of current, so contact with any point that is 
more conductive would result in an increased Δh. This approach was used as a 
qualitative, comparative measure of molecular conductance for EMACs with different 
metal centers, and the observed conductance correlated roughly to the bond order 
between the metal atoms as determined by bond distances, with the Cr derivative having 
the highest conductance, followed by the Co and Ni derivatives respectively. This is 
consistent with greater electron density being delocalized along the pentanuclear chain 
due to strengthening the five-center bonding interactions, which occurs by depopulating 
the antibonding orbitals from Ni to Co to Cr. In this way, the bond order of the EMAC 
can be correlated to the observed conductivity along the chain of symmetrical EMAC 
complexes. However, in unsymmetrical EMACs, where there are short and long 
intermetallic distances and highly localized electron density,29,35 the conductivity has 
been shown to be significantly lower than in the symmetrical isomer, suggesting that it is 
the bond order coupled with delocalization along the metal string that results in higher 
conductivity. This trend of increasing conductivity as a function of bond order in EMACs 
is consistent with the conductivity arising from the delocalization of electrons in a single 
orbital that spans multiple metal centers. In this way EMACs are significantly different 
than POTCPs and other 1D conductors. Conductivity in EMAC systems does not arise 
from a NIOS and electron delocalization stemming from partially occupied orbitals. 
Instead, conductivity in EMACs has been attributed to the presence of strong bonding 
interactions between metal centers that form MOs that span the length of the molecule.29 
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In this way, electrons are “delocalized” across the metal chain despite being highly 
localized to a single molecule. This difference is what accounts for the far superiority of 
POTCPs as conductive materials. The highest conducting EMAC, [Cr3(dpa)4(NCS)2], 
was measured to have resistance values of 0.9 ± 0.1 MΩ, a value that increases 
significantly as d electrons populate additional anti-bonding orbitals, with  the Co-
derivative giving a value of 1.9 ± 0.1 MΩ and the Ni-derivative a value of 3.4 ± 0.3 
MΩ.28 
1.4. Metallophilicity and Extended 1D Chains. The term metallophilicity describes a 
type of non-covalent bonding interaction that can take place between metal centers with 
closed shell or subshell electronic configurations.50 This type of bonding was first 
observed in gold-containing complexes and termed an aurophilic interaction,51-53 but the 
nomenclature to describe this phenomenon was broadened to metallophilicity as it 
became clear that the scope of this interaction is far beyond gold alone.51 Metallophilicity 
is distinct from the other two more widely observed types of metal bonding: delocalized 
bonding among zero-valent metal atoms in metals described by band structure theory,54,55 
and covalent bonding between oxidized metal atoms with open subshells.25 
Metallophilicity differs from metallic bonding between zero-valent metal atoms in that 
there is no sharing of delocalized electrons that can be understood by band theory,54,55 nor 
is there the traditional sharing of electrons that takes place in covalent bonding between 
oxidized metal centers with open subshells typified by the quadruply-bonded Re(III) 
anion [Re2Cl8]2-.25,56 Instead, metallophilic interactions are described as a dispersion 
interaction between metal centers with a closed shell (d10, s2) or closed subshell (d8) 
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configuration.57 Metals with these electronic configurations can exhibit an affinity for one 
another that is not driven by purely electrostatic interactions or covalent bonding. 
The energy of these interactions are on the order of hydrogen-bonding 
interactions, and like hydrogen-bonding,57-59 they can be a major determinant in the 
supramolecular assembly complexes in the solid-state.57-59 The primary means of 
identifying a metallophilic interaction is through single-crystal X-ray diffraction to 
determine if two metal centers are closer than the sum of their van der Waals radii 
(vdW).60 
In the case of the Krogmann [Pt(CN)4]n- salts and platinum blue compounds, 
partial oxidation removes electrons from the metal-based, antibonding top of the valence 
band, which serves to bring the Pt centers closer together by the formation of partial Pt—
Pt bonds.6,11   Furthermore, it is important to note that, on average, each platinum center 
has a nonintegral number of electrons, therefore a NIOS, resulting in electron 
delocalization along the entire length of the 1D metal chain. The drawback of these 
systems is the lack of synthetic variability that is garnered over the resulting materials. 
Despite the great deal of work that has been conducted on POTCPs and platinum blues, 
rational design of different stoichiometries or doping levels is still not possible.10,11 
Additionally, some more subtle perturbations have been shown to yield increased 
conductivity in 1D systems. The ligand field strength plays a role in the strength of the 
M—M interactions and strong-field, π-acid ligands like CN- are suggested to support 
increased conductivity by reducing the coulombic repulsion between the electrons on the 
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metal centers through d-π* back-bonding.61 More subtle factors can influence the stability 
of the individual chains such as interchain hydrogen bonding interactions between the 
supporting ligands61 and the character of outer-sphere counter-ions,62 which can serve as 
stabilizing forces for 1D arrays. 
1.5. Design Criteria for Quasi-1D Electronic Conduction. The physical properties of 
1D materials, including conductivity are not easily predicted quantitatively, but empirical 
study of one-dimensional systems that exhibit high conductivity like POTCPs,10 strong 
intramolecular charge transfer like the platinum blues,11 and strong magnetic coupling in 
many EMAC families12 have established some important correlations between electronic 
structure and function and many criteria have been established for engendering strong 
electronic communication and supporting the stabilization of 1D arrays.63 
1.5.1. Geometrical Constraints. The first criterion is geometrical because in order for 
charge transfer to occur between metal centers, those metal centers must be in close 
proximity for atomic orbital overlap, molecular orbital formation, and subsequent 
efficient charge transfer.10,61 The square planar coordination environment around each 
metal center allows for this M—M contact to be made as observed in the precursors to 
the POTCPs (Scheme 1.1). Alternatively, a pseudo-square-pyramidal geometry 
exemplified by the platinum blues (Scheme 1.2) can support the formation of intra- and 
intermolecular M—M contacts. In both cases, the ligands coordinated to the metal centers 
should not sterically prevent close M—M interactions. Extended metal atom chains are 
able to form short intramolecular M—M bonds with metal centers in pseudo-octahedral 
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environments, however, owing to axial coordination of the terminal metal centers 
(Scheme 1.5) no intermolecular M—M contacts have been observed.  
The more electron-rich late transition metals can favor square-planar geometry, 
with this geometry being seen exclusively for d8 configurations in the second and third 
row elements, making them a good choice for 1D conductive materials. In the quasi-1D 
“metal-over-metal” motif characteristic of metallophilic chains and POTCPs, shown in 
Scheme 1.1, interactions take place between metal-based molecular orbitals with 
predominant dz2 and pz orbital character.10 Of primary importance is the occupation of the 
dz2 based orbital on the metals employed as this is a requirement for extended chain 
formation of the type shown in Scheme 1.1. The third-row transition metals are 
particularly good choices for exploration as the 5dz2 orbitals of these metals have the 
greatest radial extent as a result of more charge shielding.61 
1.5.2. Preventing Insulating Chains. Establishing an interaction between metal-centered 
orbitals in one dimension is not enough for conductivity to be achieved. For instance, the 
[Pt(CN)4]2- containing salts exhibit 1D chain formation as well as metallophilic 
interactions through the 5dz2 orbitals, yet are insulators or semiconductors at best, with 
conductivity on the order of 10-7 S · cm-1.10 This insulating or semiconducting behavior 
results from a substantial barrier to charge transfer. The electron density is highly 
localized in the filled sub-shells of these Pt(II) complexes with d8 electronic 
configurations, and the activation energy associated with separating charge in these 
systems is nontrivial (approximately 2 eV for Mg[Pt(CN)4] · 7 H2O),6 making them 
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insulators or semiconductors. This charge localization is abated via partial oxidation, 
which brings the Pt centers close enough that there is overlap of the valence and 
conduction bands as shown in Scheme 1.10 and creates holes in the top of the valence 
band.	
The observation that quasi-1D materials with close metal-metal interactions do 
not all exhibit metallic conductance leads to a second criterion for conductance in 1D 
metallic chains: the ability to move charge or delocalize electrons along the length of the 
chain.  This delocalization of electrons is intrinsic to metallic conductors and is for the 
basis of charge transport. The metal centers in a molecular chain must have an 
appropriate electronic configuration to permit low-barrier charge transfer along the 
infinite axis, as achieved by oxidation as described above. 
In recent years some discrete dinuclear compounds with metal-metal bonds have 
been used to create one-dimensional systems.9 Infinite stacks of Rh with a nonintegral 
average oxidation state have been synthesized from such a dimetallic precursor,64 which 
marks the advent of a new class of one-dimensional materials with the potential to exhibit 
high conductivity at room temperature. The compound [Rh2(MeCN)10](BF4)4 undergoes 
slow galvanostatic reduction at low current to form infinite chains of solvated Rh(1.5+) 
ions with a stoichiometry of {[Rh(MeCN)4](BF4)1.5}∞ and is the first example of an 
infinite metal-containing chain synthesized from a dimetal precursor.9 
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The Doerrer group has previously developed a building block approach to the 
assembly of 1D arrays of d10—d8 metal centers.50 Transition-metal-containing cations 
and anions were combined in metathesis reactions to generate double salts of the form 
[PtL3X][AuX2]. Upon recrystallization from organic solvents, several of these double 
salts were shown to form infinite chains of metal atoms in the solid state.65-67 The 
advantages of such a building block approach are that strict control over the 
stoichiometry of the resultant double salts can be exerted by judicious choice of 
complementary transition-metal-containing ions and the enhanced solvent processability 
of the double salt products.  
Scheme 1.13. General Pt-based heterobimetallic lantern structure. 
 
Using the criteria outlined above and the desire to maintain a building block 
approach we have designed and investigated several systems for the development of 1D 
conductive materials. We proposed that heterobimetallic lantern-type structures (Scheme 
1.13) are viable building blocks for the synthesis of 1D conductors.  
Since the 1970s, hundreds of examples of platinum-containing homobimetallic 
lantern-structures containing metal-metal bonds have been synthesized with large variety 
of bidentate bridging ligands. Complexes have primarily been synthesized with 
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carboxylate,68-70 amidate,71,72 dithiocarboxylate,73 and heterocyclic thioiminate74-78 
ligands. To date, the synthesis and study of heterobimetallic lantern systems containing 
platinum is largely unexplored, with only a handful of examples that are structurally 
characterized.79-82 
Scheme 1.14. Molecular orbital diagram of M—M bonding with D4h symmetry. 
 
Lantern-structures containing intramolecular metal-metal bonds are of particular 
synthetic interest as precursors for extended assemblies, as direct electronic 
communication between metal centers has already been established through σ-bonds, 
giving the best possible overlap for delocalization of electrons along a chain of metal 
atoms as was observed with the platinum blues.11 We hypothesize that platinum 
containing heterobimetallic lantern-type complexes can be designed to fulfill the 
structural and electronic criteria established for electrical conductivity by previous 
explorations in the field of one-dimensional conductors.8,10 Based on the pioneering work 
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on POTCPs6,10 that determined the importance of a NIOS in engendering high 
conductivity, we propose that pairing of metal centers with non-equivalent d-electron 
counts as a means of facilitating electron transport, for example, d8 Pt(II), and d7 Co(II),. 
This electronic configuration (d8, d7) can be achieved by preparing lantern structures 
containing covalently bonded soft Pt(II) and hard Co(II) centers of the form 
[PtII(LX)4CoII] (Scheme 1.14). Although the use of LX-type ligands, with both hard (X) 
and soft (L) donor atoms, is not strictly necessary for the synthesis of the proposed 
heterobimetallic lantern complexes, synthetic conditions that will be discussed in section 
1.7 of this thesis, suggest that this route is effective. In homometallic lantern complexes 
there is a substantial increase in intrametallic bond strength when a d8d8 species is 
oxidized to d8d7.83 In the proposed lantern-type structure containing formal metal-metal 
bonding and a d8d7 electronic configuration, it can be predicted that the metal based 
HOMO (assuming D4h symmetry) would be a half occupied σ* orbital (Scheme 1.13).84 
With this occupancy and symmetry, the σ* orbital extends electron density from 
the axial positions to the outside of the molecule for intermolecular M…M interactions. It 
has been reported that this axial extension of electronic density in bimetallic systems has 
a significantly larger extension (ca. 3.9 Å) due to the expanded σ* orbital when compared 
to a monomeric system (ca. 3.3 Å).85 These expanded orbitals engender intermolecular 
M—M interactions between dimers and could be the means for the formation of a one-
dimensional stack of dimers. Homometallic lantern-structures have been prepared that 
exhibit this stacking pattern in the crystalline phase such as [M2(dtp)4] (M = Ni, Pd, Pt; 
dtp = dithiopropionate), but the conductivity of these compounds was unsurprisingly low 
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(ca. 10-3 to 10-9 S/cm) as a result of their closed shell d8d8 configuration and long 
intermolecular M…M distances of 3.646(1), 3.4387(5), and 3.428(1) Å respectively 
compared to the POTCPs.85 This thesis reports the development of a synthetic 
methodology to prepare and thoroughly characterize Pt-based heterobimetallic lantern 
complexes and attempt to assemble these lantern complexes into extended structures. 
Several different strategies were employed for the synthesis of heterobimetallic 
complexes and enabling extended chain formation, including the use of ligands that 
selectively bind Pt and 3d metal centers at different sites and the manipulation of the 
electronic character of synthesized lantern units through ligand exchange reactions to 
stimulate the formation of Pt…Pt metallophilic bonding 
1.6. Thiocarboxylate Ligands. Thiocarboxylate ligands, in the most general form are the 
conjugate bases of thiocarboxylic acids that contain an organic functional group ‘R’ 
bound to the thiocarboxylic acid moiety –COSH. Different substitutions in and on the R 
position can change the stability, acidity, solubility, and electronic properties of the 
ligand, which more importantly, can have an large impact on the physical properties of 
any metal complexes prepared with these ligands. 
The utility of thiocarboxylate ligands in the preparation of heterobimetallic 
complexes is immediately clear from a structural and electronic analysis. Functionally, 
thiocarboxylates behave like (RCO2)- carboxylates in terms of their ability to direct the 
structure of metal complexes. Like carboxylates, thiocarboxylates have two moieties that 
are capable of metal binding, a requirement for the formation of dinuclear lantern 
complexes. These binding moieties are both bound to a central carbon atom, which 
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bridges two metal centers and forms a stable five-membered chelate ring as shown in 
Scheme 1.15. Thiocarboxylates are more acidic than their oxygen-only parent 
carboxylates, making their deprotonation for use as anionic ligands trivial. Upon 
deprotonation, thiocarboxylates form monoanionic ligands with charge delocalized 
between the O and S atoms. Four of these monoanionic thiocarboxylate ligands bridge 
two divalent metal centers to form a neutral lantern complex. The impetus behind 
preparing neutral lantern complexes comprised of four anionic thiocarboxylate ligands 
and two divalent metals is that no other charged species are present in the system. 
Cationic extended structures like EMACs are commonly terminated by axial coordination 
to anions,12 eliminating the possibility of metal–metal intermolecular interactions to form 
infinite 1D chains. 
Scheme 1.15. Illustration of the 5 member chelate ring formed by a 
thiocarboxylate ligands. 
 
Thiocarboxylate metal coordination is of particular interest because the presence 
of both a soft S donor and a hard O donor allows selective coordination of hard and soft 
metal centers at distinct binding sites. However, the transition metal chemistry of 
thiocarboxylates had largely been unexplored and the employment of thiocarboxylates to 
selectively coordinate transition metal centers based on hard and soft acid base theory 
R
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neglected. The majority of thiocarboxylate complexes prepared exhibit thiocarboxylates 
chelating a single metal center86 or coordinating through only the S or O atom.87 A 
monomeric trigonal planar environment with three sulfur atoms coordinated around a 
metal center with weak intramolecular coordination by thiobenzoate oxygens (Scheme 
1.16 left) is the most commonly observed structural motif previously observed as is 
exemplified by the salts of the form [M(SC{O}Ph)3]- (M = Zn, Cd, Sn, Hg, or Pb).88-92  
Scheme 1.16. Monodentate (left) and bidentate (right) coordination modes of 
thiobenzoate. 
 
The thiobenzoate ligand in tris-thiobenzoate salts can also bind in a bidentate fashion as 
is observed in the case of tris-thiobenzoate salts containing Mn, Co, and Ni in which each 
metal center has a {MS3O3} coordination environment (Scheme 1.16 right).86 A few 
heterobimetallic thiocarboxylate complexes have been prepared, including 
(Ph4As)2[Hg(SOCPh)2CdCl4] wherein a linear Hg(SOCR)2 fragment is bridged to a 
[CdCl4]2- unit through weak interactions with two of the Cl- ligands.93 Additionally, 
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square planar [Pd(SOCCH3)2(PR3)2]  complexes have been prepared in which the Pd has 
a {S2P2} coordination environment.94 Various phosphines have been employed, including 
the phosphino ferrocene derivative, Fe(η5-C5H4PPh2)2, to generate a {FePd} 
heterobimetallic thiocarboxylate complex.94 
1.7. Lantern complexes prepared with thiocarboxylate ligands. Melson and 
coworkers95,96 prepared the first lantern complexes of thiocarboxylates in the early 
1970’s, and to the best of our knowledge no others have been reported, making this 
bridging mode between metals centers the rarest structural arrangement observed with 
thiocarboxylate ligands. Homometallic lantern complexes have been synthesized using 
both thioacetate95 and thiobenzoate95,96 ligands, though only the complex 
[Ni2(SOCPh)4(EtOH)] has been studied by X-ray crystallography to confirm the lantern 
structure of the complex. In Melson’s original report95 homometallic nickel lantern 
complexes of the form [Ni2(SOCR)4(EtOH)] were prepared with thioacetate, 
thiopropionate, and thiobenzoate ligands. These complexes are all paramagnetic at room 
temperature with 2 unpaired spins per complex. The distinct ligand environment around 
each Ni center is responsible for the resultant paramagnetism. The square-planar nickel 
with a {NiS4} coordination environment has a strong ligand field resulting in complete 
pairing of the eight d electrons on the metal center,97,98 but the Ni with a {NiO5} square 
pyramidal ligand environment has a weaker ligand field resulting in two unpaired 
electrons.99,100 
Recently, the Doerrer group synthesized the first examples of heterobimetallic 
lantern complexes with thiocarboxylate supporting ligands, preparing a family of 
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compounds of the general form [PtM(tba)4(OH2)] (M = Fe, Co, Ni).101 All of these 
compounds exhibit selective binding of the Pt center to the soft S atoms yielding a {PtS4} 
coordination geometry and binding of the 3d metals to the harder O-donor moiety of the 
thiobenzoate ligand with additional axial coordination to a water molecule give an 
{MO5} coordination environment. Interestingly, the lantern units prepared with Co and 
Ni could be crystallized such that a short Pt…Pt metallophilic interaction was observed 
between two adjacent lantern units to form a tetrametallic unit. All of the synthesized 
complexes were determined to be paramagnetic by solid-state SQUID magnetometry  
Figure 1.2. Variable temperature magnetic susceptibility plot of 
[PtNi(tba)4(OH2)]2 with julX102 derived fit from reference 101. 
 
experiments and solution phase Evans method measurements. The underlying 
paramagnetism stems from the high-spin 3d transition metal in a pseudo-octahedral 
geometry with O-donor ligands. Additionally, it was found that the {PtCo} and {PtNi} 
lantern complexes exhibiting metallophilic interactions also exhibited a drastic decrease 
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in their magnetic moments as a function of temperature, approaching a singlet ground 
state at low temperatures (Figure 1.2). This decrease in magnetic moment is the result of 
antiferromagnetic coupling between the two paramagnetic 3d metal centers. This 
antiferromagnetic coupling phenomenon was only observed in the complexes that 
exhibited metallophilic interactions and fitting of the magnetism data suggested that the 
operative antiferromagnetic coupling pathway in these complexes is the metallophilic 
contact between lantern units, making this the first observation of antiferromagnetic 
coupling through a metallophilic interaction.101 
In summary, Chapters 2, 3, and 4 of this thesis describe the synthesis and 
characterization of bimetallic lantern-type complexes to be used as building blocks in the 
preparation of extended structures that exhibit good electronic conductivity. Chapter 2 
describes the synthesis and  characterization of heterobimetallic thiocarboxylate lantern 
complexes that exhibit metallophilic interactions, while Chapter 3 describes complexes 
that exhibit alternative structural motifs. The contents of Chapter 4 focus on the synthesis 
and characterization of dinuclear species for the preparation of infinite 1D arrays. These 
complexes exemplify the facile synthetic method that we have developed to prepare 
heterobimetallic complexes and their utility as a platform for developing materials with 
distinct physical properties such as magnetic coupling and electronic communication. 
With judicious choice of the axial ligand employed in the complexes reported herein, this 
platform can serve as an excellent test bed for the examination of the electronic and 
magnetic properties of stable and discrete heterobimetallic units. 
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1.8. Magnetic metal-oxide nanoparticles. There has been a great deal of scientific 
investigation into magnetic nanoparticles because of their wide-reaching applications, 
such as data storage,103 hyperthermia treatments for cancer therapy,104,105 contrast 
enhancement in magnetic resonance imaging (MRI),106-108 and catalysis109 to name a few. 
Chief among these magnetic nanoparticles, ferrite spinels, MFe2O4 (M = Fe, Mn, Co, Ni, 
Zn, etc.), have attracted extensive attention recently because of their broad application in 
ferrofluid technology,110 and electronics.111 The general structural formula of a spinel can 
be written as AB2O4, in which (A) is a divalent metal in a tetrahedral environment and 
(B) is a trivalent metal in an octahedral environment. In the case of the ferrite spinels, (B) 
sites are occupied by Fe3+. The chemical flexibility of the spinel ferrite construct makes 
them excellent candidates for the manipulation of their magnetic properties by 
substitution of A with a variety of divalent cations. 
Many methods for the preparation of nanocrystalline spinel ferrites have been 
developed including the most commonly used coprecipitation method,112 ball milling,113 
micelle synthesis,114,115 sol-gel method,116 high temperature decomposition,117,118 and 
various hydrothermal methods.119-122 There is a great deal of variety among these 
different synthetic methods and as a result the physical properties of the materials 
generated can vary vastly depending on the method used.  
In general, traditional aqueous coprecipitation and sol-gel methods, as well as 
mechanical processing methods for preparing spinel ferrites suffer from the inability to 
prepare uniform nanoparticles with a narrow size dispersion.123 This limitation has 
largely been overcome by synthesizing nanoparticles using methods that restrict 
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nanocrystal growth and support nucleation by using capping agents like oleic acid that 
prevent particle agglomeration during synthesis.118 However, in spite of some enhanced 
control over particle uniformity and dispersity, these techniques often require very high 
temperatures, in excess of 300 °C in expensive solvents such as 1-octadecene.117,118 
These high temperature synthetic methods often require an inert atmosphere to prevent 
uncontrolled nanoparticle oxidation, which adds another element of complexity to their 
synthesis.  
The hydrothermal synthetic method has been gaining increasing attention as it 
improves upon many of the major drawbacks of traditional nanoparticle synthesis. The 
principle behind the hydrothermal synthesis is that it brings a reaction mixture to a 
temperature well above the boiling point of the solvent mixture employed. This is 
achieved by carrying out reactions in a sealed autoclave or pressure vessel. The increased 
pressure and temperature increases the solubility and reactivity of the metal salt 
precursors allowing the synthesis of many nanomaterials to be conducted at temperature 
far lower than by traditional techniques.124 This technique has been employed to 
synthesized a variety of nanomaterials,124 but a more limited set of syntheses have been 
conducted to prepare ferrite spinels in an autoclave or high-pressure vessel. The 
hydrothermal syntheses of many ferrite spinel materials have been reported. Most 
literature procedures involve the preparation of uncoated nanopowders.125-141 Of the few 
reported syntheses that do employ a capping agent, the variety of the surfactants explored 
has been very narrow, limited to oleic acid or a salt thereof120,121,142 or a long-chain 
amine.143,144 In Chapter 5 of this thesis the synthesis and characterization of ferrite spinel 
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nanoparticles employing a ricinoleic acid, an alternative capping agent, will be discussed 
in detail. 
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Chapter 2 
PLATINUM-BASED HETEROBIMETALLIC LANTERN 
COMPLEXES THAT EXHIBIT METALLOPHILIC CONTACTS IN 
THE SOLID STATE 
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2.1. Introduction. The Doerrer group has chosen the thioacetate ligand for the 
investigation of heterobimetallic lantern complexes because, like thiobenzoate,101 its two 
different binding moieties allow it to selectively bind Pt and first-row transition metals at 
different sites and minimize ligand exchange. Very few heterobimetallic lantern 
complexes of the form [PtM(L4X4)] with 3d metals exist in the literature. Previous 
examples have used of 2-mercapto-4-methylpyridine (Me-mpy), [PtM(Me-
mpy)4(NCCH3)],82,145 (M = Co, Ni) and ε-thiocaprolactam (tc), [PtCr(tc)4] and 
[PtCr(tc)4Cl].80 There are also very few reports of lantern complexes prepared with 
thioacetate, consisting only of the homobimetallic [Ni2(SAc)4(L)],95 and only one 
example, [Rh2(SAc)4(HSAc)2],146 of a structurally characterized species.  
We have previously reported101 the synthesis and characterization of a series of 
heterobimetallic lantern complexes [PtM(tba)4(OH2)] (M= Fe, Co, Ni; tba = 
thiobenzoate) that incorporated high spin 3dn M(II) and low spin 5d8 Pt(II) centers. The 
Co- and Ni-containing compounds exhibited unbridged Pt…Pt interactions in the solid 
state with antiferromagnetic coupling of -10.8 cm-1 and -60 cm-1 respectively. These 
dimers were the first report of molecules displaying magnetic coupling mediated by 
dispersion interactions. Furthermore, heterobimetallic lantern complexes with 
metallophilic contacts in the solid state were also a new phenomenon, although 
metallophilic contacts have been observed with {Pt2} dithiocarboxylate lanterns of the 
form [Pt2(S2CR)4].147-150 Additionally, this family of dithiocarboxylate lantern complexes 
has demonstrated that longer alkane substituents such as R = C4H9 give rise to short 
Pt…Pt contacts (3.12 Å) in the solid state that are not observed when R = CH3 suggesting 
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that ligand-based van der Waals (vdW) interactions also play a role in the formation of 
Pt…Pt contacts.149 The change from a phenyl to methyl thiocarboxylate substituent was 
chosen to test the relative influence of intermolecular vdW forces on the formation of 
metallophilic contacts in the prepared heterobimetallic lantern complexes. With 
diminished vdW interactions, metallophilic interactions might predominate.   
Our synthetic method101 to prepare heterobimetallic lantern complexes was 
extended to the thioacetate ligand in complexes of the form [PtM(SAc)4(L)] (M= Co, Ni, 
Zn; L = OH2, NO2py; SAc = thioacetate) to (i) determine the breadth of the synthetic 
method, (ii) investigate the role of the thiocarboxylate and axial ligands in the formation 
of metallophilic contacts between heterobimetallic lantern complexes, and (iii) prepare 
diamagnetic derivatives to differentiate the metallophilic behavior from paramagnetic 
contributions. These two families of heterobimetallic lantern complexes were synthesized 
and characterized structurally, spectroscopically and magnetically. The synthesis and 
characterization of compounds 1—9 are in press.151 
 
2.2. Experimental Section. 
2.2.1 General Considerations. Potassium tetrachloroplatinate (K2PtCl4) was prepared 
from hexachloroplatinic acid (H2PtCl6), itself prepared152 from commercially obtained 
platinum metal and converted to K2PtCl6 using a literature procedure.153 The compound 
K2PtCl4 was then synthesized from K2PtCl6 using a literature method.154 All other 
reagents were obtained commercially and used without further purification. 
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Thermogravimetric analyses (TGA) were conducted with a TA Instruments Q50 
thermogravimetric analyzer.  Typical data collection parameters included a heating rate 
of 10°C/min and a final temperature of 300°C. UV-vis-NIR spectra were measured 
between 190 and 1500 nm with a Shimadzu UV-3600 spectrometer. 1H NMR spectra for 
the Evans method155,156 were recorded on a Varian 500 MHz spectrometer. A near 
saturated solution of the analyte in acetone-d6 doped with hexamethyldisiloxane was 
measured with a capillary containing only acetone-d6 doped with the same concentration 
of hexamethyldisiloxane. Elemental analyses were performed by Atlantic Microlab Inc. 
(Norcross, GA, 30071) 
2.2.2. Synthetic Procedures. [PtCo(SAc)4(OH2)], 1. A portion of thioacetic acid 
(HSAc) (68 µL, 0.964 mmol) was mixed with about 30 mL of water and stirred until a 
homogenous mixture was formed and no droplets of HSAc were evident. A slight excess 
of NaHCO3 (85 mg, 1.012 mmol) was then dissolved in about 3 mL of water and added 
to the reaction mixture. After 5 minutes a 3 mL aqueous solution of K2PtCl4 (100 mg, 
0.241 mmol) was added to the reaction mixture. Immediately afterwards, a 3 mL aqueous 
solution of CoCl2 · 6 H2O (57 mg, 0.241 mmol) was added dropwise to the reaction 
mixture. After about 24 hours a gray precipitate was filtered from a colorless solution, 
washed with water and dried briefly in vacuo. The solid was dissolved in about 30 mL of 
acetone, filtered over a fine frit, and briefly dried in vacuo to yield a purple solid of 
[PtCo(SAc)4(OH2)]2 · ½(acetone) composition in 38% recrystallized yield. Pale gray 
crystals suitable for X-ray crystallography were grown directly from the reaction mixture 
by employing a W-tube synthesis (illustrated in Scheme 2.1). Anal. calcd. for 
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Pt2Co2C17.5H31O10.5S8: C, 17.90; H 2.66; N 0.00 %. Found: C, 17.82; H, 2.80; N 0.00 %. 
UV-vis-NIR (acetone) (𝛌max, nm (εM, cm-1 M-1)): 492(31), 527(12), 580(8), 1284(3). 
Evans method (acetone-d6): 4.93 µB.  
 [PtNi(SAc)4(OH2)], 2. To obtain [PtNi(SAc)4(OH2)], 2, CoCl2 · 6 H2O was 
substituted with NiCl2 · 6 H2O and the same method for the synthesis of 1 was carried 
out. A yellow-green solid was obtained in 87% crude yield, and recrystallized from 
acetone/hexanes to obtain analytically pure material of the composition 
[PtNi(SAc)4(OH2)]2 · 1/3 acetone. Green crystals large enough for single-crystal X-ray 
diffraction were grown directly from the reaction mixture by performing the reaction in a 
modified W-tube. Anal. calcd for Pt2Ni2C17H30O10.3S8: C, 17.54; H 2.60; N 0.00 %. 
Found: C, 17.38; H, 2.78; N 0.00 %. UV-vis-NIR (acetone) (𝛌max, nm (εM, cm-1 M-1)): 
503(3)(sh), 703(6), 812(3), 1387(8). Evans method (acetone-d6): 2.84 µB.  
 [PtZn(SAc)4(OH2)]2, 3. To obtain [PtZn(SAc)4(OH2)], 3, CoCl2 · 6 H2O was 
substituted with ZnCl2 and the same method for the synthesis of 1 was carried out. After 
about 24 hours a white precipitate was filtered from a colorless solution. The material 
was washed with water and dried briefly to give a white powder of the composition 
[PtZn(SAc)4(OH2)] · 4.5 H2O in 87% yield. Colorless crystals suitable for X-ray analysis 
were grown directly from the reaction mixture by employing a W-tube synthesis. Anal. 
calcd. for PtZnC8H23O9.5S4: C, 14.56; H, 3.51; N, 0.00 %.  Found: C, 14.83 H, 3.90, N, 
0.00%. UV-vis-NIR (acetone) (𝛌max, nm (εM, cm-1 M-1)): No absorption features in 
acetone 330-1500 nm. 1H NMR (δ, ppm, {acetone-d6}: 2.26 (s, -CH3). 13C{1H} NMR (δ, 
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ppm, {acetone-d6}: 214.99 (s, C(CH3)), 32.74 (s, C(CH3)).  
[PtCo(SAc)4(3-NO2py)], 4. Freshly prepared [PtCo(SAc)4(OH2)], 1, (276 mg, 
0.482 mmol) was dissolved in about 5 mL of acetone and diluted with approximately 50 
mL of CH2Cl2. An amount of 3-nitropyridine (120 mg, 0.964 mmol) was dissolved in 
about 2 mL of CH2Cl2 and added slowly to the above mixture while rapidly stirring.  The 
reaction mixture was stirred for 3 hours at room temperature. The solvent was removed 
with a rotary-evaporator and the brown solid was transferred to a fine-fritted Hirsch 
funnel in a slurry of ethanol. The solid was washed with ethanol and dried in vacuo. The 
solid was then recrystallized from CH2Cl2 and ethanol affording a brown solid with a 
47% recrystallized yield. Brown crystals suitable for single crystal X-ray analysis were 
obtained from the slow evaporation of a saturated solution of CH2Cl2. Anal. calcd. for 
PtCoC13H16N2O6S4: C, 23.01; H, 2.38; N, 4.13 %. Found: C, 22.98; H, 2.47;  
N, 4.03 %. UV-vis-NIR(CH2Cl2) (𝛌max, nm (εM, cm-1 M-1)): 266(37,300), 395(405)(sh), 
487(128), 520(39), 573(19), 1233(5). Evans method (CDCl3): 5.06 µB. 
[PtNi(SAc)4(3-NO2py)], 5. Freshly prepared [PtNi(SAc)4(OH2)], 2, was used in 
place of [PtCo(SAc)4(OH2)] and the same method for the synthesis of 4 was executed . 
Large green crystals suitable for single crystal X-ray analysis were obtained from the 
slow evaporation of a saturated solution in CH2Cl2. Recrystallized yield: 56%. Anal 
calcd. for PtNiC13H16N2O6S4: C, 23.02; H, 2.38; N, 4.13 %.  Found: C, 23.08; H, 2.19; N, 
4.12 %. UV-vis-NIR(CH2Cl2) (𝛌max, nm (εM, cm-1 M-1)): 255(35,700), 334(2423), 
660(10), 828(2), 1178(9). Evans method (CDCl3): 3.05 µB. 
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[PtZn(SAc)4(3-NO2py)], 6. Freshly prepared [PtZn(SAc)4(OH2)], 3, was used in 
place of [PtCo(SAc)4(OH2)] whilst following the same procedure outlined above for the 
synthesis of 4. Large colorless crystals suitable for single crystal X-ray analysis were 
grown from ether diffusion into a concentrated solution in CH2Cl2. Recrystallized yield: 
30%. Anal. calcd. for PtZnC13H16N2O6S4: C, 22.79; H, 2.35; N, 4.09 %.  Found: C, 
22.73; H, 2.16; N, 4.08 %. UV-vis-NIR (CH2Cl2) (𝛌max, nm (εM, cm-1 M-1)): 262(35,500). 
1H NMR (δ, ppm, {CDCl3}): 9.83 (d, 4J= 2.00 Hz, 1H, H2), 9.31 (d, 3J= 5.00 Hz, 1H, H6) 
8.80 (d, 3J= 8.50 Hz, 1H, H4), 7.86 (dd, 3J= 8.50 Hz, 3J= 5.00 Hz, 1H, H5), 2.42 (s, 12H, -
CH3). 13C{1H} NMR (δ, ppm, {CDCl3}: 215.54 (s, SOCR), 154.76 (s, C6), 145.92 (s, C2), 
145.34 (s, C3), 134.21 (s, C4), 125.50 (s, C5), 33.07 (s, -CH3). 
[PtCo(SAc)4], 7. If 1 is extensively dried under high vacuum an insoluble 
microcrystalline gray solid of composition [PtCo(SAc)4], 7, is generated in quantitative 
yield as confirmed by TGA vide infra. Anal. calcd for PtCoC8H12O4S4: C, 17.33; H, 2.18; 
N, 0.00 %. Found: C, 17.52; H, 2.18; N, 0.00 %. 
[PtNi(SAc)4], 8. If 2 is dried extensively under high vacuum an insoluble yellow 
solid of composition [PtNi(SAc)4], 8, is formed in quantitative yield, as confirmed by 
TGA. Anal. calcd. PtNiC8H12O4S4: C, 17.34; H, 2.18; N, 0.00 %. Found: C, 17.57; H, 
2.06; N, 0.00 %. 
 [PtZn(SAc)4], 9. If 3 is dried extensively under high vacuum an insoluble white 
solid of composition [PtZn(SAc)4], 9, is generated, as shown by TGA vide infra. Anal. 
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calcd. for PtZnC8H12O4S4: C, 17.13; H, 2.16; N, 0.00 %.  Found: C, 17.21 H, 2.06, N, 
0.00 %. 
2.2.3. Magnetic Measurements and Data Fitting Details. Magnetic susceptibility data 
were collected with a Quantum Design MPMS-XL SQUID magnetometer in the 
temperature range 2-300 K at an applied field of 1000 Oersted (Oe) by Stephanie Fiedler 
of the Shores group at CSU. Due to potential compound sensitivity to desolvation, 
microcrystalline samples were used as-prepared: they were not subjected to further 
grinding or encasement in a polymer matrix. The as-prepared powder samples (~15-20 
mg) were loaded into gelatin capsules, inserted into straws, and tapped, to pack the solid 
in place. The absence of ferromagnetic impurities was confirmed for each sample by 
observing a linear relationship between magnetization and applied field (0.1-5 T) at 125 
K. Data were corrected for the magnetization of the sample holder by subtracting the 
susceptibility of an empty container and for diamagnetic contributions of the sample by 
using Pascal’s constants.157 Theoretical fits to the susceptibility data for 1, 2, 4, and 5 
were obtained by Stephanie Fielder using a relative error minimization routine (julX 
1.4.1)102 with a Hamiltonian of the form . As appropriate, refinements 
included a correction for temperature independent paramagnetism (TIP) and 
intermolecular interactions (through a mean field approximation defined by julX as the 
parameter θ). 
The susceptibility data were fit for the dimeric unit using julX102 with the 
Hamiltonian . Because the overall ground state of an antiferromagnetically 
1 2
ˆ ˆˆ 2H JS S= − ⋅
1 2
ˆ ˆˆ 2H JS S= − ⋅
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coupled dinuclear system is S = 0 (and therefore D = 0), an isotropic exchange model was 
chosen to allow a comparison of coupling parameters with the results from the previously 
published tba complexes.101 In those complexes, fitting was attempted by the CSU group 
with a spin-orbit coupling inclusive model (using the Magsaki software)158: while the 
results were consistent with other Co2+ complexes, the model is arguably over-
parameterized. Moreover, in the previous study, both julX and the spin-orbit inclusive 
model gave similar J values for the Co-containing complex (–10.8 and –11.6 cm–1, 
respectively), supporting the use of a simpler model. Initial fitting of 1 with all 
parameters freely refined gave many similar-quality fits to the data despite differing 
parameters. There is likely only weak coupling observed in this complex (and others, vide 
infra) resulting in an inability to model the poorly isolated ground state with julX. In this 
case, the fits all optimized with g ≈ 2.6, therefore, by fixing this value a final set of fitted 
parameters were obtained. 
2.2.4 Single Crystal X-ray Diffraction. All crystals were mounted on a Cryoloop with 
Paratone-N oil and data were collected at 100K with a Bruker CMOS detector using Mo 
Kα radiation except for 5 (see below). Data were corrected for absorption with SADABS. 
All non-hydrogen atoms were refined anisotropically by full matrix least squares on F2. 
All hydrogen atoms, unless specifically addressed, were placed in calculated positions 
with appropriate riding positions. 
Crystals of 1—3 are pale to colorless thin plates and their structures were solved 
by direct methods. Hydrogen atoms of water were found from a Fourier difference map 
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and their distances were fixed at 0.86(2) Å and refined isotropically with 1.20 Ueq of 
parent O atom (where Ueq is an equivalent isotropic thermal parameter calculated from 
the anisotropic displacement parameters for the O atom). The structures of 2 and 3 were 
solved by direct methods and also by isomorphous replacement using the structural 
solution of 1. Residual electron density was found near Pt and S of 2 and 3, which has 
been attributed to lack of analytical absorption correction, quality of crystal, and the 
nature of the detector. Estimated uncertainty (ESU) values for the C-C distances of 2 are 
rather high and indicate that the quality of data is low. 
The structures of 4—6 were all solved by direct methods and the crystal colors are 
light-brown, green, and colorless, respectively. Data for compound 5 were collected 
using a Bruker APEX II detector, and the Platon program SQUEEZE159 was employed to 
resolve unrefined solvent. The program found a void of 971 Å3 and 383 e-. This was 
associated with eight molecules of dichloromethane (336 e-) and 8 C, 16 H, and 16 Cl 
were added to the unit card to adjust the chemical formula, molecular mass, density, and 
F000 value.  
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2.3. Results and Discussion 
2.3.1. Syntheses. The synthesis of [PtM(SAc)4(OH2)] compounds as shown in Scheme 
2.2 is analogous to the previous report on the synthesis of heterobimetallic lantern 
complexes with thiobenzoate.101 A solution of sodium acetate was prepared in situ and 
reacted first with an aqueous solution of K2PtCl4 with the subsequent addition of a first-
row transition metal chloride hydrate to yield [PtM(SAc)4(OH2)] (M = Co, 1; Ni, 2; Zn, 
3). Compounds 1—3 undergo axial ligand exchange upon reaction with two equivalents 
of 3-NO2py in a mixture of acetone/CH2Cl2 to yield [PtM(SAc)4(3-NO2py)] (M= Co, 4; 
Ni, 5; Zn, 6). Alternatively, 1—3 could be converted into the insoluble powders 
[PtM(SAc)4] (M= Co, 7; Ni, 8; Zn, 9) if extensively dried under vacuum. Only 2 
underwent a color change upon desolvation changing from green to yellow upon vacuum 
treatment. 
 
Scheme 2.1. Schematic representation of a W-tube apparatus. 
		
51 
 
 
 
Sc
he
m
e 
2.
2.
 S
yn
th
es
is
 o
f [
Pt
M
(S
A
c)
4(
L)
] c
om
po
un
ds
 
 
		
52 
 
 
 
 
 
Figure 2.1. ORTEP of [PtCo(SAc)4(OH2)]2 . 4 H2O, 1. Ellipsoids are drawn at the 50% 
level. Waters of crystallization and hydrogen atoms have been removed for clarity. 
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Figure 2.2. ORTEP of [PtNi(SAc)4(OH2)]2 . 4 H2O, 2. Ellipsoids are drawn at the 50% 
level. Waters of crystallization and hydrogen atoms have been removed for clarity. 
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Figure 2.3. ORTEP of [PtZn(SAc)4(OH2)]2 . 4 H2O, 3. Ellipsoids are drawn at the 50% 
level. Waters of crystallization and hydrogen atoms have been removed for clarity 
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Figure 2.4. ORTEP of [PtCo(SAc)4(3-NO2py)]2, 4. Ellipsoids are drawn at the 50% 
level. Hydrogen atoms have been removed for clarity. 
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Figure 2.5. ORTEP of [PtNi(SAc)4(3-NO2py)]2 , 5. Ellipsoids are drawn at the 50% 
level. Hydrogen atoms and lattice CH2Cl2 have been removed for clarity. 
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Figure 2.6. ORTEP of [PtZn(SAc)4(3-NO2py)]2 , 6. Ellipsoids are drawn at the 50% 
level. Hydrogen atoms have been removed for clarity. 
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2.3.2. Structural Characterization. Crystals suitable for single-crystal X-ray diffraction 
studies were obtained by conducting the reaction in a W-tube (Scheme 2.1) for 1—3 and 
by recrystallization from CH2Cl2 for compounds 4—6. Compounds 1—6 were 
crystallographically characterized, and the data collection parameters are summarized in 
Table 2.1. Selected distances and angles for 1—6 can be found in Table 2.2. The study of 
1 revealed a dimeric structure, shown in Figure 2.1, with an average Pt—Co distance of 
2.629(7) Å and a short Pt…Pt contact of 3.1261(3) Å. There are no bridging atoms 
between the two [PtCo(SAc)4(OH2)] units and they are rotated by approximately 45° 
from one another resulting in a staggered conformation.  This staggered conformation 
leads to close S…S contacts between lanterns with an average S—S separation of 3.62(16) 
Å. One H2O molecule is bound to each Co center with distinct Co—O distances of 
2.082(2) and 2.069(2) Å at the termini of the tetrametallic unit.  Selected characterization 
data of 1—3 and 4—6 are summarized in Table 2.3. The average dihedral angle (τ) 
quantifies the relative lantern orientations and was calculated for eight S-Pt…Pt-S 
dihedral angles in the staggered structures of 1—3, 5, and the associated standard 
deviation is reported. Only four angles are included in the average value for the eclipsed 
structures of 4 and 6. Compounds 2 and 3 are isostructural to compound 1 existing as 
dimers of lanterns in the solid state. Compound 2 (Figure 2.2) exhibits a shorter Pt…Pt 
contact of 3.0794(6) Å and an average Pt—Ni distance of 2.578(10) Å. The S…S contacts 
in 2 are slightly shorter with an average separation of 3.58(16) Å. Compound 3 (Figure 
2.3) displays an intermediate Pt…Pt distance of 3.1246(3) Å, a Pt—Zn distance of 
2.639(12) Å, and with an average S…S distance of 3.62(17) Å. The intramolecular 
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distances (given in Table 2.4) are generally unexceptional except that very few 
intramolecular Pt—M lantern distances are known because of the previous scarcity of 
such heterobimetallic complexes. These Pt…M distances are comparable to those in the 
prior Doerrer lab thiobenzoate derivatives,101 as well as to those observed in the related 
methyl-cytosine bridged CuPtCu species160 and several heterotrinuclear complexes 
bridged by amidate ligands.161,162 All Pt…M distances observed in 1—6 fall well within 
the range of literature distances as determined by a search of the Cambridge Structural 
Database163 that included strictly Pt(II)…M(II) intramolecular distances below 3.0 Å (no 
µ2-X ligands) revealing average distances (Å) of 2.60(9) for Pt…Co (eleven distances in 
nine structures), 2.59(4) for Pt…Ni (twelve distances in seven structures), and 2.74(7) for 
Pt…Zn (six distances in three structures). 
When the axial H2O molecule is substituted by the 3-NO2py ligand, as in the 
cases of 4—6, the Pt…Pt distances observed in the solid state vary more than in 1—3.  
Complex 4 exists as a dimer as shown in Figure 2.4, however, a longer Pt…Pt distance of 
3.489(2) Å is observed and the lantern units are notably offset from one another as 
indicated by a Pt(1)—Pt(1i)—Co(1) angle of 160.76(1)º, and 1 has an angle of 
179.45(1)°. In addition to this deviation from linearity, the lantern units in 4 have an 
eclipsed configuration, with two close S…S contacts between S(1)—S(3) of 3.425(1) Å 
and 3.460(1) Å for S(2)—S(4), and an average S-Pt…Pt-S dihedral angle near zero. This 
structure is contrary to that of 5, wherein linearity has been restored (Figure 2.5) with a 
Pt(1)—Pt(2)—Ni(2) angle of 178.33(2)º.  The conformation of 5 is staggered, much like 
what is observed for 1—3. The Pt…Pt distance of 3.0583(4) Å is exceptionally short, with 
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only three examples reported that exhibit shorter164-166 contacts between strictly Pt(II) 
centers as shown in Table 2.4. Despite having an exceptionally short Pt…Pt distance, 5 
exhibits the longest S...S contacts between lanterns, with an average separation of 
3.553(3) Å. Complex 6 (Figure 2.6) is isostructural to 4, with a Pt(1)—Pt(1i)—Zn(1) 
angle of 159.36º, a Pt…Pt distance of 3.4453(2) Å, and an average S…S distance of 
3.44(2) Å.  
Other two-electron Lewis base donors, L, can be prepared in these [PtM(SAc)4L] 
systems, but these do not result in dimerization via the Pt…Pt interactions, as will be 
discussed in Chapter 3 of this thesis. 
2.3.3. Thermogravimetric Analysis. After being subjected to vacuum for less than 30 
minutes, 1 exhibits a mass loss of 8.3% upon heating to 39 °C that corresponds to the loss 
of six equivalents of water (2 axially coordinated and 4 waters of recrystallization; 
Calculated 8.88%), which yields the dehydrated species, 7. This result suggests that 
briefly drying the complex at room temperature does not desolvate the complex. Upon 
further heat treatment, a decomposition feature is noted at 241 °C. Complex 2 behaves 
similarly, sustaining a mass loss of 8.9% at 40 °C also corresponding to the loss of six 
equivalents of water to give the dehydrated species 8, which then decomposes at 274 °C. 
Complex 3 is more prone to desolvation and does so under ambient conditions to form 9, 
making discrete observation of the loss of six equivalents of water difficult with TGA. 
Complex 9 was found to decompose at 264 °C. Compounds 4—6 liberate one equivalent 
of 3-NO2-py at 146, 192, and 164 °C respectively, yielding the respective desolvated 
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species 7 - 9. 
2.3.4. Electronic Structure. Of the previously reported thioacetate lantern compounds, 
only the homometallic nickel species [Ni2(SAc)4(EtOH)] exhibits homoleptic 
coordination,95 where one Ni center exhibits {NiS4} coordination and the other {NiO5} 
similar to what was observed in 1—6.  In the case of [Rh2(SAc)4(HSAc)2] each rhodium 
center has {RhO2S3} coordination from thioacetate and thioacetic acid ligands.146 
Notably, the solid-state diffuse reflectance spectrum95 of [Ni2(SAc)4(EtOH)] has a low-
energy absorption feature at 1299 nm, which is consistent with a weak intermetallic d—d 
transition. Exchange of the axially coordinated ethanol for pyridine or picoline, resulted 
in a shift of this transition to a higher energy (1075 nm).95 A weak (3—10 cm-1 mol-1) 
intermetallic d—d transition was also observed101 in [PtM(tba)(OH2)] complexes 
appearing at 1275 and 1337 nm for Co and Ni respectively.  
Spectroscopic and magnetic susceptibility data for 1—6 are consistent with 
monomeric complexes in solution analogous to the previously reported thiobenzoate 
derivatives.101 A Ligand-to-metal charge transfer band in the UV region of 266, 255, and 
262 nm, (for 4—6) respectively. These UV transitions could not be recorded for 
compounds 1—3 due to decomposition in solvents with an appropriate energy window to 
collect this region of the UV spectrum. Because the UV spectral feature is observed for 
the three different metal compounds a σ(Pt—M) to σ*(Pt—M) transition, of the type 
characterized in Pt(III)2 and Rh(II)2 dimers, was ruled out.70 LMCT features of water and 
acetate to Pt have been observed (and assigned by calculation) at 317 and 363 nm.70 The 
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related dithiocarboxylate compound, [Pt2(S2CCH3)4] exhibits two absorption features 
near 260 nm, one at 263 nm and another at 265 nm with ε values of approximately 104.167 
This suggests that in our systems a S to Pt transition could be a reasonable assignment for 
the absorptions observed near 260 nm. Cobalt-containing complexes 1 and 4 each exhibit 
three characteristic absorbances in the visible region with those of 1 observed at 492, 527, 
and 580 nm. These MLCT bands are blue shifted by approximately 6 nm when the axial 
ligand is changed from water in 1 to 3-NO2py in 4. Two major MLCT bands are present 
in the electronic spectra of the Ni-derivatives, appearing at 703 and 812 nm for 1 and 660 
and 828 nm for 5. Compounds 1 and 2 and their 3-NO2py derivatives 4 and 5 all exhibit 
weak NIR absorptions in solution that can be assigned to a weak intermetallic d—d 
transition, as tabulated in Table 2.3 and illustrated in Figure 2.7. This assignment is 
further supported by the absence of a NIR transition in the prepared Zn-derivatives, 3 and 
 
Figure 2.7. Visible and NIR spectra of 1 (red), 2 (black), 4 (green), and 5 (blue). 
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6, where the d10 character of Zn eliminates the possibility for this transition to occur.  
The qualitative MO picture shown in Scheme 2.3 of Pt—Co bonding in the 
heterobimetallic lantern subunits is analogous to what was found in the [PtM(tba)4] series 
in geometry-optimized spin-unrestricted DFT calculations.101 The sides of Scheme 2.3 
illustrate the qualitative ligand-field splitting of the {CoO4} unit with a high-spin 
configuration and the low-spin environment of the {PtS4} fragment. The center of 
Scheme 2.3 shows how the overlap of the two square planar {CoO4} and {PtS4} 
Scheme 2.3. MO Diagram for Pt—Co interaction in [PtCo(SAc)4L] 
		
64 
fragments results in a new high-spin lantern system. This qualitative MO description is 
used to attribute the observed weak NIR absorptions to a M-to-Pt charge transfer into the 
hypothesized Pt-based dx2-y2 LUMO as shown in Scheme 2.3. The NIR absorptions were 
not attributed to any transitions that are symmetry and parity allowed, which accounts for 
the small extinction coefficients. The diagram also provides an illustrative example of the 
antibonding M–Pt molecular orbitals, for example the σ* MO, whose intermolecular 
overlap enable Pt–Pt electronic communication. Stronger intramolecular interaction 
between the M- and Pt-orbitals results in greater electron density in the Pt-based 
antibonding orbitals and therefore stronger intermolecular Pt–Pt coupling. 
2.3.5 Magnetic Properties. The Evans method solution phase susceptibility values of 
4.93 (1), 2.84 (2), 5.06 (4), and 3.05 µB (5) are consistent with monomeric {MPt} species 
in solution in which high spin first-row transition metal centers are bound to the oxygen 
donor atoms of the thiocarboxylate moieties in pseudo-octahedral coordination 
geometries.  
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The solid-state magnetic susceptibility data for the paramagnetic species 
containing crystallographically-characterized apical ligands are shown in Figure 2.8, 
along with best fits obtained from julX.102	The 𝜒MT products are presented as {MPt}2 
dimeric units: as observed in the previous report,101 attempts to interpret these data as 
{MPt} give nonsensical results. At 300 K the 𝜒MT products and µeff values calculated 
Figure 2.8. Temperature dependence of magnetic susceptibility for 1, 2, 4 and 5 
measured at 1000 G. In each case, data are treated as M–Pt···Pt–M dimer units. The best 
fits obtained from julX are presented as solid lines 
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from the data for 1 (blue diamonds on Figure 2.8) and 4 (black circles on Figure 2.8) are 
5.71 and 5.74 emu K mol-1, respectively (µeff = 6.76 and 6.78 µB), higher than expected 
for two magnetically uncoupled S = 3/2 Co(II) centers with g = 2 (3.75 emu K mol-1), but 
consistent with spin-orbit coupling and unquenched orbital contributions to the magnetic 
susceptibilities. 
At 300 K the 𝜒MT products for 2 and 5 (green squares and red hexagons on Figure 
2.8 respectively) are 1.68 and 2.04 emu K mol-1 (µeff = 3.66 and 4.04 µB), respectively. 
These values are very similar to what would be expected for two uncoupled Ni(II) centers 
with g = 2 (2.00 emu K mol-1). The ambient temperature susceptibilities reflect the first 
row transition metal employed and are not perturbed significantly by the apical ligand. 
All four complexes show significant drops in 𝜒MT values as the temperature is 
decreased, consistent with antiferromagnetic coupling of paramagnetic centers to afford 
singlet ground states. Fitting the susceptibility data to an isotropic exchange coupling 
model (Table 2.5) allows comparisons of the new complexes with the [PtM(tba)4(OH2)]2 
species reported previously.101 
Several trends emerge from a comparison of the magnetic susceptibility data, 
summarized in Table 2.5. First, the Ni-containing complexes consistently show 
significantly stronger intramolecular exchange interactions (larger |J|) and more isolated 
behavior (larger J/|θ|) than the Co analogs. This pattern does not seem to be correlated to 
Pt…Pt distances or the S-Pt…Pt-S dihedral angle τ, but instead likely reflects differences 
in M-Pt orbital overlap. Specifically, stronger coupling observed for the Ni-containing 
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complexes suggests better intermolecular M–Pt orbital overlap and more facile 
intermolecular Pt–Pt coupling. Second, the substitution of tba with SAc has a moderate 
but inconsistent effect on the strength of magnetic exchange, as |J| changes by ~17% 
upon adoption of SAc, but this is an increase for the Co complex and a decrease for the 
Ni analog. Local structural parameters (Pt…Pt distance, {MPt}2 dihedral angles) are 
similar for the Ni complexes, and the Pt…Pt distance actually increases for the Co 
complex (tba vs. SAc), suggesting that the structural changes are not directly responsible 
for the changes in coupling. Combining both the intra- and intermolecular exchange 
terms, one can argue that the SAc ligand decreases coupling overall for both 1 and 2, but 
packing effects or intermolecular interactions appear to isolate the {CoPt}2 species better 
for SAc than tba, resulting in a somewhat larger relative coupling constant (i.e. larger 
J/θ). Third, the substitution of apical H2O with NO2py ligands significantly reduces the 
coupling between {MPt} units. It is tempting to add that the NO2py ligands also increase 
separation of {MPt}2 dimers, but that correlation is confounded somewhat by the slightly 
different structure of 4 compared to the others.   
Given that substitution of H2O for NO2py reduces coupling, it is interesting to 
note that complete removal of the H2O ligand does not appear to have the same effect. 
Variable-temperature susceptibility measurements carried out on the dehydrated 
compound 7 (Figure 2.9) are virtually identical to those observed for 1. In addition, 
whereas 8 (lemon yellow) and 2 (yellow-green) have different colors, the susceptibility 
data (Figure 2.9) are very similar. The similarity of the dehydrated and solvated 
compound behavior could suggest a minimal role for the axially-coordinated H2O ligands 
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and waters of crystallization; however, they could also indicate that the M centers find 
thiocarboxylate S or O donor atoms to complete their coordination sphere, and the effects 
of those ligands are similar to water. Efforts to structurally characterize 7, 8, and 9 are 
ongoing. 
 
Apart from the short Pt…Pt interactions in 1—2 and 4—5, other contacts between 
[PtM(SAc)4L] lantern units could result in alternative pathways for the observed 
antiferromagnetic coupling. Hydrogen bonding contacts for 1 and 2 and associated 
distances are shown in Figures 2.10 and 2.11 respectively. One axial water molecule of 1 
 
Figure 2.9. Overlay of temperature dependence of χT of 1 (hollow squares) and 7 (solid 
squares) and 2 (hollow diamonds) and 8 (solid diamonds) measured at 1000 Oe. 
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forms a hydrogen-bonding interaction with a molecule of lattice water (2.778(4) Å) and 
to an oxygen from a thiocarboxylate moiety of a neighboring lantern unit (2.744(3) Å), 
while the other terminal H2O ligand forms H-bonding contacts with two molecules of  
 
lattice water (2.839(5), 2.743(4) Å). Compound 2 forms the same hydrogen-bonding 
contacts as 1, with the closest lantern-to-lantern hydrogen-bonding interaction being 
between a terminal water molecule and an oxygen atom of an adjacent thiocarboxylate 
moiety (2.76(1) Å). We have previously shown that the presence of hydrogen bonding in 
[PtM(tba)4(OH2)] species cannot be correlated with the degree of antiferromagnetic 
coupling.101 This relationship also holds true here as there is a greater degree of 
antiferromagnetic coupling in 2, despite longer hydrogen-bonding interactions than are 
observed in 1. Furthermore, a hydrogen-bonding pathway for magnetic coupling cannot 
be operative in 4 and 5 as no hydrogen bonding interactions are present in the lattice. 
  
Figure 2.10. Representation of hydrogen bonding in the lattice of 1, with distances 
shown in Ångstroms. 
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2.4. Conclusions. In summary, six heterobimetallic lantern compounds, [PtM(SAc)4(L)] 
(M = Co, Ni, Zn) have been synthesized and thoroughly characterized.  All of the 
prepared lantern complexes exist as dimers in the solid state linked via close Pt…Pt 
interactions, through which antiferromagnetic coupling of paramagnetic 3d metal ions 
occurs. It has been determined that neither the Pt…Pt interaction between lantern 
complexes nor the resulting antiferromagnetic coupling is an isolated phenomenon of the 
thiobenzoate supporting ligand,101 nor is an axially coordinated H2O required for the 
formation of the observed tetrametallic units. Additionally, it is clear that the formation 
of close Pt…Pt contacts between lantern complexes does not require a paramagnetic 3d 
metal ion as exemplified by the Zn-containing lanterns 3 and 6. Further studies to 
delineate the electronic role of the apical and supporting ligands in the engendering of 
close Pt…Pt contacts in heterobimetallic lantern complexes, and the antiferromagnetic 
coupling within, are discussed in Chapters 3 and 4.  
Figure 2.11. Representation of hydrogen bonding in the lattice of 2, with distances 
shown in Ångstroms. 
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Table 2.2. Selected Interatomic distances and angles for 1—6  
Compound  Distance (Å)  Angle (deg) 
1 Pt(1)-S(1) 2.3221(9) S(1)-Pt(1)-S(2) 89.19(4) 
 Pt(1)-S(2)  2.3244(9) S(1)-Pt(1)-S(3) 178.26(4) 
 Pt(1)-S(3)  2.3289(9) S(2)-Pt(1)-S(3) 89.14(4) 
 Pt(1)-S(4)  2.3312(9) S(1)-Pt(1)-S(4) 90.86(4) 
 Pt(1)-Co(3)  2.6343(5) S(2)-Pt(1)-S(4) 179.92(4) 
 Pt(1)-Pt(2)  3.1261(3) S(3)-Pt(1)-S(4) 90.81(4) 
 Pt(2)-S(6)  2.3234(9) S(6)-Pt(2)-S(8) 179.17(3) 
 Pt(2)-S(8)  2.3237(9) S(6)-Pt(2)-S(7) 88.83(3) 
 Pt(2)-S(7)  2.3306(9) S(8)-Pt(2)-S(7) 92.00(3) 
 Pt(2)-S(5)  2.3355(9) S(6146)-Pt(2)-S(5) 89.67(3) 
 Pt(2)-Co(4)  2.6243(5) S(8)-Pt(2)-S(5) 89.50(3) 
 Co(3)-O(3)  2.036(3) O(3)-Co(3)-O(1) 176.87(11) 
 Co(3)-O(1)  2.045(2) O(3)-Co(3)-O(2) 91.96(12) 
 Co(3)-O(2)  2.044(2) O(1)-Co(3)-O(2) 90.69(11) 
 Co(3)-O(4)  2.083(2) O(3)-Co(3)-O(4) 87.68(11) 
 Co(3)-O(9)  2.082(3) O(1)-Co(3)-O(4) 89.62(10) 
 Co(4)-O(7)  2.046(2) O(2)-Co(3)-O(4) 178.39(10) 
 Co(4)-O(5)  2.046(2) O(3)-Co(3)-O(9) 89.42(10) 
 Co(4)-O(10)  2.069(3) O(1)-Co(3)-O(9) 92.23(10) 
 Co(4)-O(6)  2.075(2) O(2)-Co(3)-O(9) 90.25(10) 
 Co(4)-O(8)  2.091(2) O(4)-Co(3)-O(9) 91.32(10) 
 S(1)-C(1)  1.698(3) O(7)-Co(4)-O(5) 175.96(9) 
 S(2)-C(3)  1.704(4) O(7)-Co(4)-O(10) 94.68(10) 
 S(3)-C(5)  1.698(4) O(5)-Co(4)-O(10) 86.97(11) 
 S(4)-C(7)  1.697(4) O(7)-Co(4)-O(6) 92.29(10) 
 S(5)-C(9)  1.708(4) O(5)-Co(4)-O(6) 91.46(10) 
 S(6)-C(11)  1.703(3) O(10)-Co(4)-O(6) 87.75(10) 
 S(7)-C(13)  1.707(4) O(7)-Co(4)-O(8) 89.59(9) 
 S(8)-C(15)  1.704(4) O(5)-Co(4)-O(8) 86.62(10) 
 O(1)-C(1)  1.257(4) O(10)-Co(4)-O(8) 93.91(10) 
 O(2)-C(3)  1.242(4) O(6)-Co(4)-O(8) 177.38(10) 
 O(3)-C(5) 1.236(4) Co(3)-Pt(1)-Pt(2) 178.607(11) 
 O(4)-C(7) 1.251(4) Co(4)-Pt(2)-Pt(1) 179.447(11) 
 O(5)-C(9) 1.248(4) O(10)-Co(4)-Pt(2) 173.72(8) 
 O(6)-C(11)  1.253(4) O(9)-Co(3)-Pt(1) 177.93(7) 
 O(7)-C(13)  1.256(4)   
 O(8)-C(15)  1.258(4)   
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Table 2.2. Continued 
Compound  Distance (Å)  Angle (deg) 
2 Pt(1)-S(1)  2.314(4) S(1)-Pt(1)-S(3) 178.53(14) 
 Pt(1)-S(3)  2.320(4) S(1)-Pt(1)-S(2) 89.71(16) 
 Pt(1)-S(2)  2.321(4) S(3)-Pt(1)-S(2) 89.11(16) 
 Pt(1)-S(4)  2.321(4) S(1)-Pt(1)-S(4) 90.40(16) 
 Pt(1)-Ni(1)  2.5850(18) S(3)-Pt(1)-S(4) 90.78(16) 
 Pt(1)-Pt(2)  3.0794(7) S(2)-Pt(1)-S(4) 179.84(15) 
 Pt(2)-S(6)  2.316(4) S(6)-Pt(2)-S(8) 178.99(14) 
 Pt(2)-S(8)  2.321(4) S(6)-Pt(2)-S(7) 88.86(14) 
 Pt(2)-S(7)  2.327(4) S(8)-Pt(2)-S(7) 92.11(14) 
 Pt(2)-S(5)  2.329(4) S(6)-Pt(2)-S(5) 89.58(13) 
 Pt(2)-Ni(2)  2.5709(17) S(8)-Pt(2)-S(5) 89.44(13) 
 Ni(1)-O(1)  2.000(10) S(7)-Pt(2)-S(5) 178.13(13) 
 Ni(1)-O(3)  2.003(11) O(1)-Ni(1)-O(3) 177.8(5) 
 Ni(1)-O(2)  2.005(10) O(1)-Ni(1)-O(2) 90.8(5) 
 Ni(1)-O(4)  2.044(11) O(3)-Ni(1)-O(2) 90.6(5) 
 Ni(1)-O(9)  2.050(9) O(1)-Ni(1)-O(4) 90.5(5) 
 Ni(2)-O(5)  2.006(10) O(3)-Ni(1)-O(4) 88.1(5) 
 Ni(2)-O(7)  2.010(10) O(2)-Ni(1)-O(4) 178.7(5) 
 Ni(2)-O(6)  2.023(9) O(1)-Ni(1)-O(9) 90.7(4) 
 Ni(2)-O(8)  2.039(10) O(3)-Ni(1)-O(9) 87.7(4) 
 Ni(2)-O(10)  2.067(10) O(2)-Ni(1)-O(9) 88.9(4) 
 S(1)-C(1)  1.715(15) O(4)-Ni(1)-O(9) 90.7(4) 
 S(2)-C(3)  1.697(15) O(5)-Ni(2)-O(7) 177.4(4) 
 S(3)-C(5)  1.707(14) O(5)-Ni(2)-O(6) 91.6(4) 
 S(4)-C(7)  1.712(14) O(7)-Ni(2)-O(6) 90.2(4) 
 S(5)-C(9)  1.712(15) O(5)-Ni(2)-O(8) 87.5(4) 
 S(6)-C(11)  1.687(13) O(7)-Ni(2)-O(8) 90.6(4) 
 S(7)-C(13)  1.708(14) O(6)-Ni(2)-O(8) 179.1(4) 
 S(8)-C(15)  1.699(15) O(5)-Ni(2)-O(10) 85.3(4) 
 O(1)-C(1)  1.254(18) O(7)-Ni(2)-O(10) 92.9(4) 
 O(2)-C(3)  1.239(17) O(6)-Ni(2)-O(10) 88.1(4) 
 O(3)-C(5) 1.245(19) O(8)-Ni(2)-O(10) 91.5(4) 
 O(4)-C(7) 1.214(18) Ni(1)-Pt(1)-Pt(2) 178.76(4) 
 O(5)-C(9) 1.256(18) Ni(2)-Pt(2)-Pt(1) 179.87(5) 
 O(6)-C(11)  1.255(16) O(9)-Ni(1)-Pt(1) 178.1(3) 
 O(7)-C(13)  1.254(17) O(10)-Ni(2)-Pt(2) 174.7(3) 
 O(8)-C(15)  1.245(18)   
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Table 2.2. Continued 
Compound  Distance (Å)  Angle (deg) 
3 Pt(1)-S(1)  2.3208(17) S(1)-Pt(1)-S(2) 89.15(7) 
 Pt(1)-S(2)  2.3210(17) S(1)-Pt(1)-S(3) 178.18(7) 
 Pt(1)-S(3)  2.3239(17) S(2)-Pt(1)-S(3) 89.09(7) 
 Pt(1)-S(4)  2.3270(17) S(1)-Pt(1)-S(4) 90.87(7) 
 Pt(1)-Zn(1)  2.6477(7) S(2)-Pt(1)-S(4) 179.89(6) 
 Pt(1)-Pt(2)  3.1246(4) S(3)-Pt(1)-S(4) 90.89(7) 
 Pt(2)-S(8)  2.3194(16) S(8)-Pt(2)-S(6) 179.08(6) 
 Pt(2)-S(6)  2.3194(16) S(8)-Pt(2)-S(7) 91.93(6) 
 Pt(2)-S(7)  2.3271(16) S(6)-Pt(2)-S(7) 88.98(6) 
 Pt(2)-S(5)  2.3290(16) S(8)-Pt(2)-S(5) 89.69(6) 
 Pt(2)-Zn(2)  2.6309(7) S(6)-Pt(2)-S(5) 89.40(6) 
 Zn(1)-O(2)  2.040(5) S(7)-Pt(2)-S(5) 178.07(6) 
 Zn(1)-O(9)  2.053(4) O(2)-Zn(1)-O(9) 90.99(18) 
 Zn(1)-O(3)  2.061(5) O(2)-Zn(1)-O(3) 92.7(2) 
 Zn(1)-O(1)  2.063(4) O(9)-Zn(1)-O(3) 90.06(18) 
 Zn(1)-O(4)  2.094(4) O(2)-Zn(1)-O(1) 91.4(2) 
 Zn(2)-O(10)  2.038(4) O(9)-Zn(1)-O(1) 92.42(17) 
 Zn(2)-O(7)  2.056(4) O(3)-Zn(1)-O(1) 175.1(2) 
 Zn(2)-O(5)  2.060(4) O(2)-Zn(1)-O(4) 177.03(18) 
 Zn(2)-O(6)  2.086(4) O(9)-Zn(1)-O(4) 91.96(18) 
 Zn(2)-O(8)  2.102(4) O(3)-Zn(1)-O(4) 86.9(2) 
 S(1)-C(1)  1.699(6) O(1)-Zn(1)-O(4) 88.86(19) 
 S(2)-C(3)  1.704(6) O(10)-Zn(2)-O(7) 94.63(18) 
 S(3)-C(5)  1.700(6) O(10)-Zn(2)-O(5) 87.25(18) 
 S(4)-C(7)  1.697(6) O(7)-Zn(2)-O(5) 174.91(18) 
 S(5)-C(9)  1.712(6) O(10)-Zn(2)-O(6) 87.46(18) 
 S(6)-C(11)  1.698(6) O(7)-Zn(2)-O(6) 92.52(17) 
 S(7)-C(13)  1.703(6) O(5)-Zn(2)-O(6) 92.29(17) 
 S(8)-C(15)  1.690(6) O(10)-Zn(2)-O(8) 94.96(18) 
 O(1)-C(1)  1.250(8) O(7)-Zn(2)-O(8) 89.12(17) 
 O(2)-C(3)  1.235(8) O(5)-Zn(2)-O(8) 86.00(17) 
 O(3)-C(5) 1.248(8) O(6)-Zn(2)-O(8) 176.96(17) 
 O(4)-C(7) 1.250(7) Zn(1)-Pt(1)-Pt(2) 178.605(18) 
 O(5)-C(9) 1.244(7) Zn(2)-Pt(2)-Pt(1) 179.384(19) 
 O(6)-C(11)  1.254(8) O(9)-Zn(1)-Pt(1) 178.16(13) 
 O(7)-C(13)  1.256(8) O(10)-Zn(2)-Pt(2) 172.97(13) 
 O(8)-C(15)  1.265(8)   
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Table 2.2. Continued 
Compound  Distance (Å)  Angle (deg) 
4 Pt(1)-S(4)  2.3138(10) S(4)-Pt(1)-S(1) 89.04(4) 
 Pt(1)-S(1)  2.3197(10) S(4)-Pt(1)-S(3) 90.16(4) 
 Pt(1)-S(3)  2.3211(10) S(1)-Pt(1)-S(3) 179.17(4) 
 Pt(1)-S(2)  2.3309(11) S(4)-Pt(1)-S(2) 179.30(4) 
 Pt(1)-Co(1)  2.6347(5) S(1)-Pt(1)-S(2) 91.35(4) 
 Co(1)-O(2)  2.043(3) S(3)-Pt(1)-S(2) 89.45(4) 
 Co(1)-O(1)  2.048(3) O(2)-Co(1)-O(1) 93.02(13) 
 Co(1)-O(4)  2.050(3) O(2)-Co(1)-O(4) 177.34(13) 
 Co(1)-O(3)  2.065(3) O(1)-Co(1)-O(4) 89.61(14) 
 Co(1)-N(1)  2.114(3) O(2)-Co(1)-O(3) 89.42(13) 
 S(2)-C(3)  1.705(4) O(1)-Co(1)-O(3) 177.24(13) 
 S(4)-C(7)  1.709(4) O(4)-Co(1)-O(3) 87.94(14) 
 S(3)-C(5)  1.706(4) O(2)-Co(1)-O(1) 93.02(13) 
 S(1)-C(1)  1.699(4) O(2)-Co(1)-O(4) 177.34(13) 
 O(2)-C(3)  1.251(4) O(1)-Co(1)-O(4) 89.61(14) 
 O(1)-C(1)  1.246(4) O(2)-Co(1)-O(3) 89.42(13) 
 O(3)-C(5)  1.236(5) O(1)-Co(1)-O(3) 177.24(13) 
 O(5)-N(2)  1.232(5) O(4)-Co(1)-O(3) 87.94(14) 
 O(6)-N(2)  1.226(4) N(1)-Co(1)-Pt(1) 175.36(9) 
 N(1)-C(13)  1.333(5) Co(1)-Pt(1)-Pt(1i) 160.76(1) 
 N(1)-C(9)  1.341(5)   
 N(2)-C(10)  1.471(5)   
 O(4)-C(7)   1.235(4)   
 Pt(1)-Pt(1i) 3.4389(2)   
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Table 2.2. Continued 
Compound  Distance (Å)  Angle (deg) 
5 Pt(1)-S(3)  2.3250(19) S(3)-Pt(1)-S(4) 89.49(7) 
 Pt(1)-S(4)  2.3259(19) S(3)-Pt(1)-S(1) 178.92(8) 
 Pt(1)-S(1)  2.327(2) S(4)-Pt(1)-S(1) 89.62(7) 
 Pt(1)-S(2)  2.337(2) S(3)-Pt(1)-S(2) 91.35(7) 
 Pt(1)-Ni(1)  2.5682(10) S(4)-Pt(1)-S(2) 178.19(7) 
 Pt(1)-Pt(2)  3.0583(4) S(1)-Pt(1)-S(2) 89.53(7) 
 Pt(2)-S(7)  2.3230(18) S(7)-Pt(2)-S(8) 87.70(7) 
 Pt(2)-S(8)  2.323(2) S(7)-Pt(2)-S(5) 176.99(7) 
 Pt(2)-S(5)  2.329(2) S(8)-Pt(2)-S(5) 89.96(8) 
 Pt(2)-S(6)  2.341(2) S(7)-Pt(2)-S(6) 92.16(7) 
 Pt(2)-Ni(2)  2.5625(10) S(8)-Pt(2)-S(6) 178.99(7) 
 Ni(1)-N(1)  1.996(7) S(5)-Pt(2)-S(6) 90.14(8) 
 Ni(1)-O(4)  2.028(5) O(4)-Ni(1)-O(2) 177.7(2) 
 Ni(1)-O(2)  2.030(6) O(4)-Ni(1)-O(3) 88.7(2) 
 Ni(1)-O(3)  2.038(5) O(2)-Ni(1)-O(3) 89.2(2) 
 Ni(1)-O(1)  2.044(5) O(4)-Ni(1)-O(1) 88.6(2) 
 Ni(2)-O(8)  2.008(5) O(2)-Ni(1)-O(1) 93.5(2) 
 Ni(2)-O(7)  2.013(5) O(3)-Ni(1)-O(1) 177.2(2) 
 Ni(2)-O(5)  2.021(5) O(8)-Ni(2)-O(7) 92.1(2) 
 Ni(2)-O(6)  2.033(5) O(8)-Ni(2)-O(5) 88.9(2) 
 Ni(2)-N(3)  2.065(7) O(7)-Ni(2)-O(5) 178.5(2) 
 S(1)-C(1)  1.713(8) O(8)-Ni(2)-O(6) 176.0(2) 
 S(2)-C(3)  1.711(8) O(7)-Ni(2)-O(6) 91.9(2) 
 S(3)-C(5)  1.721(8) O(5)-Ni(2)-O(6) 87.1(2) 
 S(4)-C(7)  1.721(8) N(1)-Ni(1)-Pt(1) 177.60(18) 
 S(5)-C(14)  1.720(9) N(3)-Ni(2)-Pt(2) 176.86(18) 
 S(6)-C(16)  1.705(8) Ni(1)-Pt(1)-Pt(2) 178.33(2) 
 S(7)-C(18)  1.709(7) Ni(2)-Pt(2)-Pt(1) 177.26(2) 
 S(8)-C(20)  1.728(8)   
 O(1)-C(1)  1.244(9)   
 O(2)-C(3)  1.242(10)   
 O(3)-C(5)  1.240(9)   
 O(4)-C(7)  1.239(9)   
 O(5)-C(14)  1.256(10)   
 O(6)-C(16)  1.275(9)   
 O(7)-C(18)  1.268(9)   
 O(8)-C(20)  1.247(9)   
 O(9)-N(2)  1.218(10)   
 O(10)-N(2)  1.214(10)   
 O(11)-N(4)  1.238(9)   
 O(12)-N(4)  1.205(9)   
 N(2)-C(12)  1.471(11)   
 N(4)-C(25)  1.491(11)   
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Table 2.2. Continued 
Compound  Distance (Å)  Angle (deg) 
6 Pt(1)-S(4)  2.3089(8) S(4)-Pt(1)-S(3) 90.31(3) 
 Pt(1)-S(3)  2.3144(8) S(4)-Pt(1)-S(1) 88.99(3) 
 Pt(1)-S(1)  2.3158(9) S(3)-Pt(1)-S(1) 179.17(3) 
 Pt(1)-S(2)  2.3242(9) S(4)-Pt(1)-S(2) 179.46(3) 
 Pt(1)-Zn(1)  2.6282(3) S(3)-Pt(1)-S(2) 89.36(4) 
 Zn(1)-O(4)  2.052(2) S(1)-Pt(1)-S(2) 91.35(4) 
 Zn(1)-O(1)  2.062(2) O(4)-Zn(1)-O(1) 89.18(11) 
 Zn(1)-O(2)  2.064(2) O(4)-Zn(1)-O(2) 177.24(10) 
 Zn(1)-O(3)  2.082(2) O(1)-Zn(1)-O(2) 93.34(10) 
 Zn(1)-N(1)  2.096(2) O(4)-Zn(1)-O(3) 88.01(12) 
 S(1)-C(1)  1.688(3) O(1)-Zn(1)-O(3) 176.42(10) 
 S(2)-C(3)  1.698(3) O(2)-Zn(1)-O(3) 89.44(10) 
 S(3)-C(5)  1.696(3) N(1)-Zn(1)-Pt(1) 174.81(7) 
 S(4)-C(7)  1.696(3) Zn(1)-Pt(1)-Pt(1i) 159.36(1) 
 O(1)-C(1)  1.237(3)   
 O(2)-C(3)  1.237(3)   
 O(3)-C(5)  1.235(4)   
 O(4)-C(7)  1.238(3)   
 O(5)-N(2)  1.216(4)   
 O(6)-N(2)  1.224(3)   
 N(1)-C(13)  1.335(4)   
 N(1)-C(9)  1.337(4)   
 N(2)-C(10)  1.474(4)   
 C(1)-C(2)  1.506(4)   
 Pt(1)-Pt(1i) 3.4453(2)   
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Table 2.3. Selected physical parameters of 1—3 and 4—6 
Compound NIR 
Abs. 
(nm) 
Pt…Pt (Å) Pt—M(Å) J Coupling 
(cm-1) 
Average SPt…PtS 
dihedral angle, 
 τ  (°)  
Avg. S…S 
Contact (Å) 
1 1284 3.1261(3) 2.629(7) -12.7 45.0(8.2) 3.62(16) 
2 1387 3.0794(6) 2.578(10) -50.8 45.0(8.2) 3.58(16) 
3 — 3.1246(3) 2.639(12) — 45.0(8.8) 3.62(17) 
4 1233 3.489(2) 2.6347(4) -6.0 0.7(0.2) 3.44(2) 
5 1178 3.0583(4) 2.565(4) -12.6 45.0(1.7) 3.59(7) 
6 — 3.4453(2) 2.6283(3) — 0.5(0.1) 3.44(3) 
 
Table 2.4. Pt(II) compounds that exhibit very short intermolecular Pt…Pt distances. 
Compound Intermolecular Pt…Pt dist. (Å) Ref. 
[Pt(dmg)2] 3.0391(3) 165 
[(en)Pt(SO2O)2Pt(en)] . 3 H2O 3.0441(7) 164 
[{(en)Pt(µ-OH)2Pt(en)}Ag(NO3)2]NO3 3.0542(9) 166 
[PtNi(SAc)4(3-NO2py)], 5 3.0583(4) This work 
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Chapter 3 
SYNTHESIS AND CHARACTERIZATION OF MONOMERIC 
PLATINUM-BASED HETEROBIMETALLIC COMPLEXES 
EXHIBITING ALTERNATIVE STRUCTURAL MOTIFS 
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3.1. Introduction. Previous work in the Doerrer group,101,151 and specifically the contents 
of Chapter 2, have laid the foundation for the synthesis of heterobimetallic lantern 
complexes with thiocarboxylate ligands. As discussed in Chapter 2 of this thesis, 
heterobimetallic lantern complexes prepared with platinum constitute an interesting class 
of materials because they can form extended contacts through Pt…Pt metallophilic 
interactions and depending on the 3d metal used, can exhibit unusual magnetic properties 
arising from extended electronic communication. We have recently demonstrated that the 
formation of short Pt…Pt metallophilic contacts is not unique to the thiobenzoate bridging 
ligand,151 but the influence of the 3d metal coordinated axial ligand on the formation of 
these intermolecular contacts has not been previously examined in detail.101 While 
Chapter 2 demonstrated that axially coordinating water or 3-nitropyridine ligands can 
promote the formation of intermolecular Pt…Pt contacts, in the current Chapter a family 
of compounds was prepared in which the axial ligand on the 3d metal center has been 
systematically altered. A complementary family of compounds was also prepared with 
diamagnetic metal centers including Mg, Ca, and Zn to measure the electronic influence 
at Pt without potentially obscuring paramagnetism. These diamagnetic compounds were 
studied by 195Pt NMR to measure the electronic perturbations experienced at the Pt center 
due to the bridging ligand, axial ligand, as well as size and electronic character of the 
diamagnetic metal. 
 Very little structural data on thiocarboxylate bridged lantern complexes existed in 
the literature prior to our recent reports on heterobimetallic compounds prepared with 
thiobenzoate101 and thioacetate151 with only a dinuclear rhodium146 and dinuclear nickel 
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species96 being structurally characterized. Melson and coworkers prepared a number of 
complexes by substituting EtOH in  [Ni2(SOCR)4(EtOH)] (R = -CH3, -C6H5), with a 
variety of nitrogen donor ligands including pyridine and α-, β-, and γ-picoline, but crystal 
structures were not be obtained for any of the prepared complexes.95 These complexes 
were characterized by IR and electronic absorption spectroscopy as well as elemental 
analysis, and the authors hypothesized that the reaction of the thiocarboxylate lantern 
complexes with these nitrogen donor ligands breaks up the lantern complexes to generate 
monomeric octahedral complexes with the stoichiometry [Ni(SOCR)2L2].95 
Here, a family of Pt-based heterobimetallic lantern complexes of the form 
[PtM(SAc)4(py)2] (M = Co, 10; Ni, 11; Zn, 12) is described, which arise simply from a 
reaction of 7, 8, and 9 respectively with excess pyridine. These dipyridyl lantern 
complexes could be converted to monopyridyl derivatives with gentle heat to give the 
series [PtM(SAc)4(py)] (M = Co, 13; Ni, 14; Zn, 15). An additional family of the form 
[PtM(SAc)4(4-amp)] (M = Co, 16; Ni, 17; Zn, 18) was synthesized from a simple 
reaction of 1, 2, and 3 respectively with 4-aminopyridine (4-amp). Dimethylsulfoxide 
(DMSO) and N,N-dimethylformamide (DMF) reacted with [PtM(SAc)4] (M = Co, Ni 
respectively) to give [PtCo(SAc)4(DMSO)](DMSO), 19, and [PtNi(SAc)4(DMF)](DMF), 
20. Three alkaline earth containing lantern complexes and a Zn-derivative of the form 
[PtM(SOCR)4(OH2)] (R = -CH3; M = Mg, 21; and R = -C6H5; M = Mg, 22; Ca; 23, Zn, 
24.) are also presented here. 
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3.2. Experimental Section 
3.2.1 General Information. Potassium tetrachloroplatinate (K2PtCl4) was prepared using 
a combination of literature preparations: Hexachloroplatinic acid (H2PtCl6) was 
prepared152 from commercially obtained platinum metal and was converted to K2PtCl6 
using a literature preparation,153 and K2PtCl4 was synthesized from the prepared K2PtCl6 
using literature methods.154 The precursors [PtNi(SAc)4(OH2)], PtCo(SAc)4(OH2)], and 
[PtZn(SAc)4(OH2)] and their anhydrous analogs were prepared as previously reported151 
and presented in Chapter 2. All other reagents were obtained commercially and used 
without further purification. Elemental analyses were performed by Atlantic Microlab 
Inc. (Norcross, GA, 30071). Thermogravimetric analysis (TGA) data were collected on a 
TA Instruments Q50 thermogravimetric analyzer. Typical data collection parameters 
include a heating rate of 10°C/min and a final temperature of 300°C. UV-vis-NIR spectra 
were measured between 190 and 1500 nm with a Shimadzu UV-3600 spectrometer. 1H 
NMR and 13C{1H} spectra measurements were recorded on a Varian 500 MHz 
spectrometer or Varian 400 MHz spectrometer.  
All 195Pt NMR experiments were conducted by Dr. Todd Alam at Sandia National 
Laboratories on a Bruker Avance III 500 MHz NMR instrument operating at 107.06 MHz 
for 195Pt. A 5 mm broadband NMR probe was utilized, with all experiments being 
performed at 298 K. The direct 1D 195Pt experiments were obtained using standard pulse 
sequences, 1H Waltz-16 decoupling, 9.5 µs π/2 pulse, 1s recycle delay, and between 128 
and 2048 scan averages depending on concentration. The 195Pt chemical shifts were 
referenced to the secondary external standard of 1N Na2PtCl6 in D2O, δ = 0 ppm. 
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Solution magnetic susceptibilities were determined with the Evans’ method155 on 
Varian 500 MHz spectrometer also. Typical experimental conditions used a near 
saturated solution of a prepared compound in acetone-d6 doped with 
hexamethyldisiloxane and. a capillary containing only acetone-d6 doped with the same 
concentration. 
 All excitation and emission spectra were recorded by David Pascual of Dr. José 
M. López de Luzuriaga Fernandez’s group at La Universidad de La Rioja. All spectra 
were collected with a Jobin-Yvon Horiba Fluorolog 3-22-Tau-3 spectrofluorimeter at 77 
K on solid samples using an Oxford Cryostat Optistat DN with an accessory for solid 
samples. Excitation wavelengths were selected to correspond with strong absorption 
features determined by solution phase UV-vis-NIR spectroscopy.  
3.2.2. Synthetic Procedures. [PtCo(SAc)4(py)2], 10. A portion of the insoluble gray 
powder [PtCo(SAc)4] (52.3 mg, 0.09 mmol) was mixed with about 15 mL of pyridine and 
heated to 77 °C resulting in a clear pink solution. Upon complete dissolution of 
[PtCo(SAc)4], in about 30 minutes, the heat source was removed and the solution was 
allowed to evaporate slowly under ambient conditions. Pink crystals grown for X-ray 
analysis were grown within 3 days and were filtered from the supernatant and washed 
with cold pyridine. The crystals were dried in vacuo for 6 hours. Yield 69% (67 mg). 
Anal. calcd. for PtCoC26H30N1.6O4S4: C, 28.58; H, 2.99; N, 3.40 %. Found: C, 28.40; H, 
2.81; N, 3.32 %. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 258 (31,785), 385sh 
(317), 496 (103), 524 (54), 578 (20), 1275 (5). Evans method (CD2Cl2): 5.18 µB. 
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[PtNi(SAc)4(py)2], 11. A portion of [PtNi(SAc)4] (83 mg, 0.150 mmol) was 
dispersed in approximately 10 mL pyridine. The yellow insoluble product began to react, 
forming a clear green solution after heating to ~80°C for 30 minutes. Green crystals for 
X-ray analysis were grown from the reaction mixture slowly allowing evaporation to 
occur over 3 days and were separated via filtration and washed with a small portion of 
pyridine. The crystals, recovered in 80% yield (86 mg), were dried under high vacuum 
for 5 hours. Anal. calcd. for PtNiC18H22N2O4S4: C, 30.35; H, 3.11; N, 3.93 %. Found: C, 
30.65; H, 3.03; N, 3.98 %. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 258 (37,436), 
337 (2051), 469sh (9) 673 (10), 831 (2), 1172 (9).  Evans method (CD2Cl2): 3.15 µB. 
[PtZn(SAc)4(py)2], 12. A portion of the insoluble white powder [PtZn(SAc)4] 
(101 mg, 0.180 mmol) was dispersed in approximately 5 mL of hot pyridine (~80°C). A 
clear yellow solution was formed and set aside to cool to room temperature. Large 
colorless crystals suitable for single crystal X-ray analysis were grown from the slow 
evaporation in 41% yield (53 mg). Anal. calcd. for PtZnC18H22N2O4S4: C, 30.06; H, 3.08; 
N, 3.90 %. Found: C, 30.23; H, 3.01; N, 3.92 %. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, 
cm-1 M-1)): 258 (30,849). 1H NMR (δ, ppm, {CDCl3}): 8.95 (d, J = 4.50 Hz, 2H, Zn-
ortho-NC5H5), 8.62 (d, J = 3.00 Hz, 2H, Pt-ortho-NC5H5), 7.98 (t, J = 7.50 Hz, 1H, Zn-
para-NC5H5), 7.68 (t, J = 7.50 Hz, 1H, Pt-para-NC5H5), 7.59 (t, J = 6.50 Hz, 2H, Zn-
meta-NC5H5), 7.29 (t, J = 7.00 Hz, 2H, Pt-meta-NC5H5), 2.41 (s, 12H, -CH3) 13C{1H} 
NMR (δ, ppm, {CDCl3}: 215.12 (s, SO(C)CH3), 149.97, (s, Zn-C2 and Zn-C6), 149.73 
(s, Pt-C2 an C6), 139.46 (s, Zn-C4), 136.13 (s, Pt-C4), 125.15 (s, Zn-C3 and C5), 123.89 
(s, Pt-C3 and C5), 33.07 (s, -CH3). 
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[PtCo(SAc)4(py)], 13. A portion of 10 (17 mg, 0.024 mmol) was heated to ~100 
°C for 4 hours in air resulting in the formation of 13 in quantitative yield (by TGA). 
Purple crystals suitable for single crystal X-ray analysis were grown from the slow 
evaporation of a saturated CH2Cl2 solution. Anal. Calcd. for PtCoC13H17NO4S4: C, 24.64; 
H, 2.70; N, 2.21 %. Found: C, 24.49; H, 2.81; N, 2.09 %. UV-vis-NIR (CH2Cl2) (λmax, 
nm (εM, cm-1 M-1)): 258(28,333), 385sh(298), 497(96), 523(49), 573(17), 1284(4). Evans 
method (CD2Cl2): 4.61 µB. 
[PtNi(SAc)4(py)], 14. A portion of 11 (64 mg, 0.090 mmol) was heated to ~100 
°C for 4 hours in air resulting in the formation of 14 in quantitative yield (by TGA). 
Green crystals suitable for single crystal X-ray analysis were grown from the slow 
evaporation of a saturated CH2Cl2 solution. Anal. Calcd. for PtNiC13H17NO4S4: C, 24.65; 
H, 2.71; N, 2.21 %. Found: C, 24.83; H, 2.77; N, 2.26 %. UV-vis-NIR (CH2Cl2) (λmax, 
nm (εM, cm-1 M-1)): 258(27,500), 463sh(13), 667(11), 1169(8). Evans method (CD2Cl2): 
3.09 µB. 
[PtZn(SAc)4(py)], 15. A portion of 12 (64 mg, 0.089 mmol) was heated to ~ 93 
°C for 3 hours in air resulting in the formation of 15 in quantitative yield (by TGA). 
Colorless crystals suitable for single crystal X-ray analysis were grown from the slow 
evaporation of a saturated CH2Cl2 solution. Anal. Calcd. for PtZnC13H17NO4S4: C, 24.40; 
H, 2.68; N, 2.19 %. Found: C, 24.55; H, 2.77; N, 2.20 %. UV-vis-NIR (CH2Cl2) (λmax, 
nm (εM, cm-1 M-1)): 263(25,700). 1H NMR (δ, ppm, {CDCl3}): 8.94 (dt, J = 6.5 Hz, J = 
1.5 Hz, 2H, ortho-NC5H5), 7.98 (tt, J = 8.0 Hz, J = 1.5 Hz, 1H, para-NC5H5), 7.59 (td, J 
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= 6.5 Hz, J = 1.5 Hz, 2H, meta-NC5H5), 2.41 (s, 12H, -CH3) 13C{1H} NMR (δ, ppm, 
{CDCl3}: 215.08 (s, SO(C)CH3), 149.71 (s, C2 and C6), 139.44 (s, C4), 125.14 (s, C3 
and C5), 33.07 (s, -CH3). 
[PtCo(SAc)4(4-amp)], 16. A slurry of [PtCo(SAc)4] (200 mg, 0.361 mmol) in 
about 100 mL of DCM (CH2Cl2) was prepared and solid 4-amp (68 mg, 0.721 mmol) was 
added. The reaction mixture was gently refluxed in air for about 4 hours, and 
concentrated to a volume of about 2 mL resulting in a pastel purple precipitate. The solid 
was filtered off and washed with ethanol, dried in vacuo. The solid was recovered in 64% 
yield (149 mg). Anal. calcd. for PtCoC13H18N2O4S4: C, 24.07; H, 2.80; N, 4.32 %.  Found 
C, 23.96; H, 2.68; N, 4.23 %.  UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 262 
(24,111), 379sh (274), 504 (86), 525 (64), 1324 (5) Evans method (CDCl3): 4.87 µB. 
[PtNi(SAc)4(4-amp)], 17. Freshly prepared [PtNi(SAc)4(OH2)] (414 mg, 0.723 
mmol was dissolved in about 20 mL acetone and added to about 180 mL of CH2Cl2. A 5 
mL portion of DCM containing 4-amp (136 mg, 1.445 mmol) was also added, the 
reaction mixture refluxed for 6 hours and concentrated to about 5 mL of solvent, which 
caused a substantial amount of green precipitate to form. Approximately 50 mL of 
ethanol were added to this mixture resulting in the formation of additional precipitate.  
The solid was filtered off and washed with ethanol and dried in vacuo.  The solid was 
recrystallized from CH2Cl2 and ethanol resulting in a 42% yield (196 mg). Anal. calcd. 
for PtNiC13H18N2O4S4: C, 24.08; H, 2.80; N, 4.32 %.  Found: C, 24.13; H, 2.66; N, 4.28 
%. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 249 (47,063), 333 (1844), 475sh (7), 
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678 (12), 1182 (9). Evans method (CDCl3): 2.97 µB. 
[PtZn(SAc)4(4-amp)], 18. Complex 18 was prepared in the same manner as 
[PtCo(SAc)4(4-amp)] by employing [PtZn(SAc)4]. A portion of [PtZn(SAc)4] (200 mg, 
0.357 mmol) was dispersed in ~100 mL CH2Cl2 and solid 4-amp (67 mg, 0.713 mmol) 
was added to the slurry. The reaction mixture was gently refluxed in air for about three 
hours before filtering over a fine frit.  The filtrate was concentrated to approximately two 
mL and a precipitation was forced by adding about 25 mL of ethanol.  The white solid 
was filtered off, washed with ethanol, and dried in vacuo before being recovered in 77% 
yield (180 mg). Anal. calcd. for PtZnC13H18N2O4S4: C, 23.84; H, 2.77; N, 4.28 %.  
Found: C, 23.84, H, 2.68; 4.25 %. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 248 
(63,666), 270 (sh, 42,750), 333 (sh, 1250). 1H NMR (δ, ppm, {CDCl3}): 8.48 (dd, J= 
5.50 Hz, J= 1.50 Hz, 2H, ortho-NC5H5) 6.67 (dd, J=5.50 Hz, J=1.50 Hz, meta-NC5H5), 
4.52 (s, -NH2), 2.40 (s, -CH3) . 13C{1H} NMR (δ, ppm, {CDCl3}: 214.82 (s, SO(C)CH3), 
152.45 (s, C4), 149.90 (s, C2 and C6), 109.79 (s, C3 and C5), 33.09 (s, -CH3). 
[PtCo(SAc)4(DMSO)](DMSO), 19. A portion of [PtCo(SAc)4] (50 mg, 0.090 
mmol) was added to 2 mL of DMSO that had been preheated to 63 °C. A homogenous 
purple solution was obtained over the course of 30 minutes, which was concentrated to 
approximately 1 mL using strong airflow to accelerate evaporation resulting in the 
precipitation of purple crystalline solid. The mixture was cooled to 13 °C and the crystals 
collected by filtration. The crystals were air-dried for 3 hours, and under vacuum for 
about 22 hours. Yield 53% (34 mg). Anal. calcd. for PtCoC12H24O6S6: C, 20.28; H, 3.40; 
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N, 0.00 %. Found: C, 20.44; H, 3.25; N, 0.00 %. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, 
cm-1 M-1)): 266(22,687), 504(30), 527(21), 572(13), 1298(3). Evans method (CD2Cl2): 
5.01 µB.  
[PtNi(SAc)4(DMF)](DMF), 20. A portion of [PtNi(SAc)4] (100 mg, 0.180 mmol) 
was dispersed in DMF and the mixture was heated to ~ 85 °C forming a clear green 
solution within 30 minutes. Green single crystals were obtained in 39% yield (49 mg) via 
slow evaporation at room temperature. Anal calcd. for PtNiC14H26N2O6S4: C, 24.01; H, 
3.74; N, 4.00 %. Found: C, 24.07; H, 3.72; N, 3.99 %. UV-vis-NIR (CH2Cl2) (λmax, nm 
(εM, cm-1 M-1)): 272(25,060), 335(1602), 493sh (5), 701(8), 822(4), 1319(13). Evans 
method (CD2Cl2): 3.03 µB. 
[PtMg(SAc)4(OH2)], 21. A portion of NaHCO3 (127 mg, 1.518 mmol) was mixed 
with HSAc (102 µL, 1.445) in 3 mL of water and allowed to stir for 5 minutes before a 
solution of K2PtCl4 (150 mg, 0.361 mmol) in 1 mL of water was added. A solution of 
MgSO4 (44 mg, 0.361 mmol) in 1 mL of water was added immediately yielding an 
orange solution that was stirred for approximately 2.5 hours until bright yellow. The 
aqueous solution was evaporated to dryness with the assistance of an air jet and the 
resulting yellow residue dissolved in 3 mL of acetone and filtered to remove a white 
powder, presumably a mixture of Na2SO4 and K2SO4 salts. The acetone was removed 
with the assistance of an air jet to yield a yellow powder. This powder was redissolved in 
2 mL of acetone, filtered through a glass fiber disk, and a yellow microcrystalline 
precipitate formed by addition of CH2Cl2 and dried in vacuo (88 mg, 45% yield). Anal. 
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calcd. for PtMgC8H14O5S4: C, 17.87; H, 2.62; N, 0.00 %. Found: C, 17.84; H, 2.51; N, 
0.00 %. UV-vis-NIR (H2O) (𝛌max, nm (εM, cm-1 M-1)): 202 (34,500), 259 (25,900), 430sh 
(30). 1H NMR (δ, ppm, {D2O}): 2.35 (s, -CH3). 13C{1H} NMR (δ, ppm, {D2O}: 212.36 
(s, SO(C)CH3), 34.53 (s, -CH3). 
 [PtMg(tba)4(OH2)], 22. A portion of Htba (227 µL, 1.927 mmol) was mixed 
with 10 mL of an aqueous NaHCO3 solution (171 mg, 2.035 mmol). The reaction mixture 
was swirled vigorously by hand for 5 minutes, the clear yellow solution transferred to a 
clean flask, and. a solution of K2PtCl4 (200 mg, 0.482 mmol) in 3 mL of water added to 
the reaction mixture. A solution of MgSO4 (58 mg, 0.482 mmol) in 4 mL of water was 
added immediately, dropwise to the reaction mixture, which. became cloudy after five 
minutes and was stirred overnight. A canary yellow precipitate was filtered from a yellow 
filtrate, washed with water and dried in vacuo (195 mg, 51 % crude yield). This yellow 
solid was recrystallized three times from DCM/hexanes to yield a powder with the 
composition [PtMg(tba)4(OH2)] . ½ H2O (70 mg, 18 % recrystallized yield). Yellow block 
crystals were grown from the slow evaporation of a DCM solution for X-ray 
crystallography. Anal. calcd. for (PtMgC28H23O5.5S4: C, 42.30; H 2.92; N 0.00 %. Found: 
C, 42.16; H, 2.89; N 0.00 %. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 
244(49,000), 313(33,800) 1H NMR (δ, ppm, {acetone-d6}): 8.06 (dd, J = 8.2 Hz, J = 1.0 
Hz, 2H, ortho-C6H5) 7.51 (t, J = 7.4 Hz, 1H, para-C6H5), 7.37 (t, J = 7.6 Hz, 2H, meta-
C6H5) 13C{1H} NMR (δ, ppm, {THF-d8}): 209.71 (s, SO(C)Ph), 141.31 (s, C1), 133.37 
(s, C4), 129.36 (s, C2 and C6), 128.91 (s, C3 and C5). 
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[PtCa(tba)4(OH2)]`, 23. A portion of Htba (113 µL, 0.964 mmol) was mixed with 
about 30 mL of an aqueous NaHCO3 solution (87 mg, 1.036 mmol) and swirled 
vigorously by hand for about 10 minutes, and the clear yellow solution was transferred to 
a clean flask to which. a solution of K2PtCl4 (100 mg, 0.241 mmol) in about 3 mL of 
water was added. Immediately afterwards, a solution of CaCl2 (27 mg, 0.241 mmol) in 
about 2 mL of water was added dropwise to the reaction mixture, which became cloudy 
after 5 minutes and was stirred overnight. A beige precipitate was filtered from a light 
yellow filtrate, and washed with three aliquots of about 20 mL of water and dried in 
vacuo (68% crude yield, 132 mg,). The beige solid was dissolved in about 75 mL of 
DCM and filtered over a fine frit and the yellow solution concentrated to about 4 mL in 
vacuo. A portion of about 100 mL of hexanes was added to the concentrated solution 
resulting in a light yellow precipitate, which was twice recrystallized from 
DCM/hexanes. Yellow plate crystals were grown from slow evaporation of DCM. Anal. 
calcd. for PtCaC28H22O5S4: C, 41.94; H 2.77; N 0.00 %. Found: C, 41.84; H, 2.95; N 0.00 
%. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 241 (58,600), 292sh (28,800), 314 
(34,100). NMR (δ, ppm, {acetone-d6}): 8.01 (dd, J = 8.5 Hz, J = 1.50 Hz, 2H, ortho-
C6H5) 7.44 (tt, J = 7.5 Hz, J = 1.5 Hz, 1H, para-C6H5), 7.32 (tt, J = 7.5 Hz, J = 1.5 Hz, 
2H, meta-C6H5) 13C{1H} NMR (δ, ppm, {THF-d8}): 207.71 (s, SO(C)Ph), 141.97 (s, C1), 
131.92 (s, C4), 128.58 (s, C2 and C6), 128.13 (s, C3 and C5). 
[PtZn(tba)4(OH2)], 24. A portion of Htba (226 µL, 1.927 mmol) was mixed with 
5 mL aqueous NaHCO3 solution (170 mg, 2.024 mmol), stirred for 20 minutes and the 
clear yellow solution was filtered through a filter pipet and transferred to a clean flask. A 
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2 mL aqueous solution of K2PtCl4 (200 mg, 0.482 mmol) was added to the reaction 
mixture, and followed immediately by a 5 mL aqueous solution of ZnCl2 (68 mg, 0.482 
mmol). The reaction mixture became cloudy after 5 minutes and was stirred for 4 hours. 
An off-white precipitate was filtered from a yellow solution, and the solid washed with 
water and dried in vacuo (54% crude yield, 216 mg). This off-white solid was 
recrystallized thrice from a saturated THF solution to which Et2O and hexanes were 
added (2% yield, 5 mg). Colorless block crystals were grown from the slow evaporation 
of a saturated THF solution  Anal. calcd. for PtZnC32H30O6S4: C, 42.74; H 3.36; N 0.00 
%. Found: C, 42.66; H, 3.24; N 0.00 %. UV-vis-NIR (THF) (λmax, nm (εM, cm-1 M-1)): 
240 (37,400), 314 (15,900) 1H NMR (δ, ppm, {acetone-d6}): 8.05 (dd, J = 8.5 Hz, J = 1.0 
Hz, 2H, ortho-C6H5) 7.52 (tt, J = 7.3 Hz, J = 1.3 Hz, 1H, para-C6H5), 7.38 (tt, J = 8.0 Hz, 
J = 1.5 Hz, 2H, meta-C6H5) 13C{1H} NMR (δ, ppm, {THF-d8}): 208.43 (s, SO(C)Ph), 
141.43, 140.45 (s, C1), 132.97, 132.31 (s, C4), 129.07 (s, C2 and C6), 128.44, 128.27 (s, 
C3 and C5). 
3.2.3. X-ray Crystallography. A summary of crystal data collection and refinement 
parameters for all compounds are found in Table 3.1. Crystals of 12—18 were mounted 
on a Cryoloop with Paratone-N oil and data were collected at 90 or 100 K by members of 
the Rheingold group at UCSD with a Bruker APEX II CCD using Mo Kα radiation. 
Crystals of 10—11 and 19—24 were mounted on a Cryoloop with Paratone-N oil and 
data were collected at 100 K or 300 K (24) by Dr. Jeffrey Bacon at BU on a Bruker 
Proteum-R with a CCD detector using Cu Kα radiation. Data were corrected for 
absorption with SADABS and structures were solved by direct methods. All non-
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hydrogen atoms were refined anisotropically by full matrix least squares on F2. Hydrogen 
atoms H2NA and H2NB in complexes 16—18 were found from a Fourier difference map 
and were allowed to refine isotropically with N-H distances of 0.87(2) angstroms and at 
1.20 times Ueq of parent N atoms. All other hydrogen atoms were placed in calculated 
positions with appropriate riding parameters. A residual electron density of 1.22 e- was 
found 1.76 Å from H10A in complex 12, but was not resolvable. Sulfur (71.8/28.2 %) 
and oxygen (46.7/53.3 %) atoms were disordered over two positions in the structure of 15 
and were refined using a two part model. Sulfur atoms were restrained with ISOR and 
oxygen atoms constrained with EADP. The oxygen and sulfur atoms on the thio-benzoate 
groups of 24 were found to be disordered over two positions such that the two 
independent ligands twist like propeller blades in both directions.  Refinement of the 
occupancies of the oxygen and sulfur atoms yielded a 0.75:0.25 ratio for both ligands 
independently, with the twist in the same direction in the two major and two minor 
components, so the two ligands' occupancies were combined to a single free variable, 
with the ratio remaining at 0.75:0.25. The two independent phenyl groups of 24 were also 
disordered, and two discrete torsions were refined for each, with the each ring 
constrained to a hexagon using SHELX AFIX 66. The occupancies of these rotamers 
refined to approximately 0.5, in contrast to the oxygen and sulfur atoms, which suggests 
that the phenyl rings are not rigidly rotationally fixed by inter-molecular interactions and 
can assume a greater variety of torsion angles. This torsional spread may arise during 
THF solvent loss (see below). The smeared density arising from the variety of torsions 
was modelled using just the two disorder components at a fixed 0.5:0.5 ratio. This THF 
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molecule of 24 is highly disordered and was modelled isotropically as a single  
component with an occupancy refined to 0.37; this partial occupancy could indicate that 
the solvent molecule is partially absent, or that all components  of the disorder were not 
found. Multicomponent disorder refinements were unsuccessful. If the THF is partially 
absent then the THF oxygen position would be expected to be occupied by water. 
3.2.4. Magnetic Measurements. Solid state magnetic susceptibility data were collected 
with Quantum Design MPMS-XL (10, 11, 13, and 16) and Quantum Design MPMS-5S 
(14, 17, 19, and 20) SQUID magnetometers in the temperature range 2—300 K at an 
applied field of 1000 Oe. Microcrystalline samples were used as prepared without 
encasement in a polymer matrix. The samples were loaded into a sample pouch made 
from a small section of a drinking straw and sealed on both ends with an impulse sealer. 
The sealed pouch was inserted into a drinking straw as a sample holder and measured. 
Data were corrected for the holder and pouch magnetization by subtracting the 
susceptibility of an empty pouch and the holder straw and by subtracting the sample 
diamagnetic contributions calculated with Pascal’s constants.157 Theoretical fits to the 
susceptibility data of 11, 14, and 17 were generated by Stephanie Fiedler of the Shores 
group at CSU using a relative error minimization routine (julX 1.4.1)102 with a 
Hamiltonian of the form . If necessary, refinements included a 
correction for temperature independent paramagnetism (TIP) and intermolecular 
interactions (through a mean field approximation defined by julX as the parameter θ). 
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3.3. Results and Discussion. 
3.3.1. Synthesis. We have recently151 shown the utility of the thioacetate ligand in the 
preparation of heterobimetallic lantern complexes with its two different binding moieties, 
S and O, allowing it to bind selectively platinum and first-row transition metals and to 
minimize ligand exchange. 
The synthesis of [PtM(SAc)4L] compounds shown in Scheme 3.1 is based on our 
previous report151 in which [PtM(SAc)4(OH2)] was reacted with 3-nitropyridine to 
generate the series [PtM(SAc)4(NO2py)] (M = Co, 10, Ni, 11, Zn, 12).   
 
Scheme 3.1. Ligand exchange synthesis of 10—20. 
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Compounds 10—12 were prepared by dispersing the insoluble [PtM(SAc)4] (M = Co, Ni, 
Zn) in an excess of warm pyridine to yield the dipyridyl species, [PtM(SAc)4(py)2]. The 
pyridine coordinated to the platinum center could be removed individually to generate the 
monopyridyl species [PtM(SAc)4(py)] (M = Co, 13; Ni, 14; Zn, 15) by heating to about 
100°C. The [PtM(SAc)4(4-amp)] (M = Co, 16; Zn, 18) pair could be prepared from a 
Scheme 3.2. Synthesis of diamagnetic species, 21—24. 
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suspension of [PtM(SAc)4] in a CH2Cl2 solution of 4-amp , whereas the Ni-derivative, 17, 
required the use of the more soluble [PtNi(SAc)4(OH2)] to generate the analogous 
product. Compounds 19 and 20 were simply prepared by dispersing the insoluble 
[PtM(SAc)4] in warm DMSO or DMF respectively to yield [PtM(SAc)4L]L (M = Co, L = 
DMSO, 19; M = Ni, L = DMF, 20). All ligand addition and exchange reactions are 
shown in Scheme 3.1.  
The synthesis of [PtMg(SAc)4(OH2)], 21, employed the same general procedure 
laid out in Chapter 2 for the syntheses of 1—3 by simply replacing the 3d metal source 
with MgSO4  as shown at the top of Scheme 3.2. Interestingly, unlike the heterobimetallic 
complexes prepared with 3d metals, the Mg-derivative (21), exhibits high solubility in 
water. The isolation of 21 therefore requires the removal of the reaction solvent, washing 
and recrystallization of the resulting residue from acetone because unlike all of the other 
heterobimetallic complexes presented in this thesis, and those previously reported,101 21 
does not precipitate from H2O. Compounds 22—24 do precipitate from H2O and are 
prepared using the method previously reported for the synthesis of thiobenzoate 
heterobimetallic lantern complexes as shown at the bottom of Scheme 3.2.  
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3.3.2. Thermogravimetric Analysis. Compounds 10—12 reversibly coordinate two 
pyridine molecules as determined by X-ray crystallography and TGA as shown in 
Scheme 3.3. The Co-derivative, 10, was determined to liberate one equivalent of pyridine 
at 64°C. The second equivalent of pyridine was not lost until the sample reached 168°C. 
This large difference in the temperatures is due to the relative affinities of the metal ions 
for axial pyridine.  Unsurprisingly, the pyridine coordinated to the platinum center is lost 
first at 64°C and is confirmed by recrystallization of the sample after heat-treatment to 
100°C yields only the Co-coordinated monopyridyl species, 13. This result suggests that 
the pyridine bound to the Co center in 10 is more strongly bound and can be confidently 
 
Scheme 3.3. Preparation of 7—9 and derivatives prepared from them (10—15). 
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assigned to the mass loss observed at 168 °C. If 10 is heated to between 168 °C and its 
decomposition temperature of 241 °C, the desolvated species [PtCo(SAc)4] is obtained 
(Scheme 3.3). The discrete loss of two equivalents of pyridine at two widely separated 
temperatures is also observed in 11, with the mass loss observed at 80°C attributed to the 
Pt-coordinated pyridine to generate 14 and that at 194°C assigned to the loss of the Ni-
coordinated pyridine. Compound 12 also exhibits this phenomenon, with the Pt-
coordinated pyridine lost at 84 °C to form 15 and the Zn-coordinated pyridine lost at 187 
°C. Compounds 10—12 can all be reconverted into their desolvated derivatives, 
[PtM(SAc)4] (M = Co, 7; Ni, 8; Zn, 9) by heating to a temperature between the 
temperature at which the second equivalent of pyridine is lost, and their decomposition 
temperatures of 194, 253, and 256°C respectively. Upon heat treatment, compounds 16—
18 show no evidence for the liberation of the axially bound 4-amp ligand. All three 
complexes are stable above 200°C in the solid state and no mass loss is observed before 
their decompositions noted at 239, 233, and 204°C respectively.   
Compound 20 behaves similarly to the pyridine-coordinated species as each DMF 
molecule present in the crystal structure can be removed discretely by heating. The lattice 
solvent is liberated first at 95°C followed by the Ni-coordinated DMF molecule being 
released at 110°C.  The two molecules of DMSO associated with 19 cannot be removed 
separately, and a mass loss equivalent to 2 molecules of DMSO is evident at 110°C. All 
of the complexes prepared herein are quite thermally robust, with no decomposition of 
the metallic thioacetate core at temperatures below 200°C and most falling within 240 – 
270°C. 
100 
	
 
 
Figure 3.2. ORTEP of [PtNi(SAc)4(py)2], 11. Ellipsoids are drawn at the 50% level. 
Hydrogen atoms have been removed for clarity. 
Figure 3.1. ORTEP of [PtCo(SAc)4(py)2], 10. Ellipsoids are drawn at the 50% level. 
Hydrogen atoms have been removed for clarity. 
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3.3.3. Structural Characterization. All compounds, 10—24 except 21, have 
been crystallographically characterized, and the data collection parameters are 
summarized in Table 3.1. Selected distances and angles are presented in Table 3.2 and a 
comparison of the most important lantern core metrical parameters are collected in Table 
3.3. 
Single-crystal X-ray diffraction studies of 10 reveal a lantern structure with a 
short Pt—Co distance of 2.5817(6) Å capped by two axially coordinated pyridine 
moieties, shown in Figure 3.1, with a Co—N distance of 2.106(4) Å and an elongated 
Pt—N distance of 2.567(4) Å. This Pt—Npy contact is long compared to a more typical 
Pt(II)—Npy distance of 2.041(9) Å observed in trans-[Pt(SCN)2(py)2].168 A coordination 
number of six is rare for Pt(II) centers and, to the best of our knowledge, no structurally 
characterized examples of Pt(II) in a lantern complex exist in which platinum coordinates 
to five non-metallic ligands. This coordination environment is more common for Pt(III) 
complexes169 and a homometallic Pt(III) analog of 10—12 has been structurally 
characterized170 in [Pt2(H2PO4)(HPO4)3(py)2]-, which exhibits axial Pt—Npy distances of 
2.179(13) and 2.11(2) Å. The only crystallographically characterized examples in the 
literature wherein square planar platinum(II) accepts donation from an axial ligand are Pt 
coordinated by a large macrocyclic ligand with thioether moieties that engender 
heteroleptic square pyramidal coordination at the metal center.171,172 Compounds 11 
(Figure 3.2) and 12 (Figure 3.3) are isostructural to 10, existing as pyridine-capped 
lantern complexes in the solid state with M—N distances of 2.068(2) and 2.086(4) Å and 
Pt—N distances of 2.533(2) and 2.477(4) Å respectively. The observed Pt—M distances 
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for 11 and 12 are 2.5506(4) and 2.5313(7) Å respectively. Compound 13 is a monomeric 
lantern unit with a pyridine coordinated to the 3d metal site with a Co—N distance of 
2.101(3) Å. Unlike 10, the platinum center of 13 is not terminated by an axial pyridine 
molecule (Figure 3.4, top). This open site allows the Pt center to form reciprocal, short 
intermolecular Pt…S contacts in the solid state with the nearest lantern unit creating an 
offset dimer of lantern units (Figure 3.4, bottom). The observed intermolecular Pt…S 
distance of 3.0774(9) Å is significantly less than the sum of the van der Waals radii for Pt 
and S (3.55 Å)60 suggesting there is substantial stabilization resulting from the formation 
of these Lewis acid-base interactions, which result in a large deviation of the adjacent 
Pt—M vectors from the linearity observed with Pt…Pt contacts.101,151 The Co(1)-Pt(1)-
Pt(1i) angle in 13 is 133.03(1)°, an angle which we term the “angle of offset” as tabulated 
in Table 3.3. The angle of offset of 13 results in a short intermolecular S…S contact 
between S2 and S2i of 3.345(2) Å. Compound 14 is isostructural to 13, with a Pt—Ni 
distance of 2.5831(6) Å and a Ni—N distance of 2.059(3) Å (Figure 3.5, top). Molecules 
of 14 exhibit the same pairwise Pt…S contacts (Figure 3.5, bottom) with a unique distance 
of 3.0587(9) Å resulting in a similar Ni-Pt-Ni1i angle of offset of 133.51(1)° and two 
intermolecular S…S contacts (Å) of 3.476(1) and 3.402(1). The Zn-derivative, 15, is also 
isostructural to 13, with a Pt…Zn distance of 2.6180(4) and a Zn—N distance of 2.084(3) 
Å (Figure 3.6, top). The Zn(1)-Pt(1)-Pt(1i) offset angle is 133.35(1)° and the Pt…S 
distance is 3.038(3) Å (Figure 3.6 bottom). The angle of offset results in two 
intermolecular S…S contacts of 3.467(7) and 3.350(6) Å. Only a three examples of this 
platinum-containing lantern complex offset packing with short Pt…S contacts have been 
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reported in the literature including two examples from our thiobenzoate series101 
[PtM(tba)4(OH2)] in which M = Fe, Co (when recrystallized from CH2Cl2). The only 
additional example of such a short Pt…S contact in the solid state was observed for a 
{PtCr} heterobimetallic lantern complex assembled with the 4-methyl-pyridine-2-thiolato 
ligands in which intermolecular Pt…S distances of 2.888(3) and 3.304(5) Å were noted.81 
This packing motif is less common for homometallic platinum lantern complexes which 
more frequently exhibit metallophilic interactions.149,150 For example, of all the 
[Pt2(S2CR)4] compounds reported, only when R = -CH3 does the structure exhibit the 
offset eclipsed arrangement that is observed for 13—20, but unlike the complexes 
reported herein, [Pt2(S2CCH3)4] has long intermolecular Pt...S distances of ~3.5 Å 
suggesting less intermolecular interaction.149,167  
 
Figure 3.3. ORTEP of [PtZn(SAc)4(py)2],12. Ellipsoids are drawn at the 50% level. 
Hydrogen atoms have been removed for clarity. 
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Figure 3.4. Top: ORTEP of [PtCo(SAc)4(py)], 13. Bottom: Short intermolecular Pt…S 
contacts drawn between units of 13. Ellipsoids are drawn at the 50% level. Hydrogen 
atoms have been removed for clarity. 
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Figure 3.5. Top: ORTEP of [PtNi(SAc)4(py)], 14. Bottom: Short intermolecular Pt…S 
contacts drawn between units of 14. Ellipsoids are drawn at the 50% level. Hydrogen 
atoms have been removed for clarity. 
106 
	 
 
Figure 3.6. Top: ORTEP of [PtZn(SAc)4(py)], 15. Bottom: Short intermolecular Pt…S 
contacts drawn between units of 15. Ellipsoids are drawn at the 50% level. Hydrogen 
atoms have been removed for clarity. 
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Compounds 16—18 are monomeric lanterns with the 3d metal axially coordinated 
to a substituted pyridine, 4-amp. Complexes 16—18 are very similar in structure to 13—
15 with a notable elongation of all Pt—M distances as shown in Table 3.3. The structure 
of 16 (Figure 3.7, top) reveals a Pt—Co distance of 2.6405(4) Å and a Co1—N1 distance 
of 2.072(2) Å. Individual lantern units of 16 form two reciprocal intermolecular Pt1…S3i 
contacts of 3.2646(7) Å resulting in the now-familiar offset geometry (with respect to the 
CoPt…PtCo vector) and eclipsed (with respect to the carboxylate ligands) arrangement of 
the two interacting {PtS4} faces (Figure 3.7, bottom) with an angle of offset between 
units of 16 of 142.51(1)°. The amino hydrogen atoms of 4-amp form hydrogen-bonding 
contacts with S atoms of two different adjacent lantern units at distances of 2.79(3) and 
2.73(3) Å. The structure of 17 (Figure 3.8, top) exhibits the longest Pt—M distance of the 
4-amp derivatives with a Pt—Ni distance of 2.5951(3) Å and a Ni—N distance of 
2.043(2) Å. The lanterns of 17 also align in an offset manner (Figure 3.8, bottom) with an 
intermolecular Pt1…S4i distance of 3.2123(6) Å and a Ni1-Pt1-Pt1i angle of 140.34(1) °. 
The same short contacts between the –NH2 protons and two thiocarboxylate S atoms of  
two adjacent lantern units are evident in the structure of 17 with distances of 2.78(3) and 
2.75(3) Å. The intramolecular Pt—M and M—N distances observed within 18 (Figure 
3.9, top) are intermediate between those of 16 and 17, with a Pt1…Zn1 distance of 
2.6617(6) Å and a Zn1—N1 distance of 2.046(3) Å. Again the lanterns of 18 are offset 
similarly to 16 and 17, with a Zn1-Pt1-Pt1i angle of 142.10(1)° and reciprocal 
intermolecular Pt1…S2i distances of 3.256(1) Å. Two unique hydrogen-bonding 
interactions between the amine hydrogens and S atoms of the thiocarboxylates of 
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adjacent lanterns are also noted at distances of 2.70(5) and 2.76(3) Å. The hydrogen 
bonding interactions involving the –NH2 protons for 16—18 are shown in Figure 3.10. 
 
Figure 3.7 Top: ORTEP of [PtCo(SAc)4(4-amp)], 16. Bottom: Short intermolecular Pt…S 
contacts drawn between units of 16. Ellipsoids are drawn at the 50% level. Hydrogen 
atoms have been removed for clarity 
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Figure 3.8. Top: ORTEP of [PtNi(SAc)4(4-amp)], 17. Bottom: Short intermolecular Pt…S 
contacts drawn between units of 17. Ellipsoids are drawn at the 50% level. Hydrogen 
atoms have been removed for clarity. 
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Figure 3.9. Top: ORTEP of [PtZn(SAc)4(4-amp)], 18. Bottom: Short intermolecular 
Pt…S contacts drawn between units of 18. Ellipsoids are drawn at the 50% level. 
Hydrogen atoms have been removed for clarity. 
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Figure 3.10. Representation of hydrogen bonding in the lattice of 16 (top), 17 (center), 
and 18 (bottom) with distances shown in Ångstroms. 
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Interestingly, the change from pyridyl N-donor ligands to oxygen donated 
solvents results in the same offset alignment of lantern units. The intramolecular lantern 
structure of 19 is consistent with the other structures determined in this chapter, with a 
Pt—Co distance of 2.6223(9) Å. One equivalent of DMSO is bound to the cobalt center 
in the axial position through the oxygen atom with a Co—O distance of 2.033(4) Å and 
one equivalent of DMSO is present in the lattice. Compound 19 forms an offset dimer in 
the solid state with another pair of short Pt…S contacts of 3.225(2) Å as shown in Figure 
3.11. No short Pt…Pt contacts are formed as indicated by a Co1-Pt1-Pt1i angle of 
146.38(2) degrees.  
The observed Pt—Ni distance of 2.5571(6) Å is consistent with the range of Pt—
Ni distances noted in Table 3.3. One equivalent of DMF is bound to the Ni center in 20 
with a Ni—O distance of 2.033(2) Å and one equivalent of uncoordinated DMF is  
present in the lattice. Much like 19, 20 forms an offset pair of lantern units through short, 
reciprocating intermolecular Pt…S contacts of 3.0716(9) Å as shown in Figure 3.12. No 
short intermolecular Pt…Pt interactions are observed as a result of the offset 
configuration, with the Pt centers of adjacent lanterns being misaligned as noted by a 
Ni1-Pt1-Pt1i angle of 135.14(1) degrees. This large angle of offset results in a close 
intermolecular S…S contact of 3.449(1) Å. 
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Figure 3.11. Top ORTEP of [PtCo(SAc)4(DMSO)](DMSO), 19. Bottom short 
intermolecular Pt…S contacts drawn between units of 19, lattice DMSO and hydrogen 
atoms have been removed for clarity. Ellipsoids are drawn at the 50% level. 
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Figure 3.12. Top ORTEP of [PtNi(SAc)4(DMF)](DMF), 20. Bottom short intermolecular 
Pt…S contacts drawn between units of 20, lattice DMF and hydrogen atoms have been 
removed for clarity. Ellipsoids are drawn at the 50% level. 
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As shown in Figure 3.13, there are two nonequivalent lantern structures in the unit cell of 
22 with distinct distances: Pt(1)…Mg(1) is 2.698(1) and Pt(2)…Mg(2) is 2.675(1) Å, while 
Mg(1)—O(1W) is 2.023(3) and Mg(2)—O(2W) is 1.990(3) Å. The Mg center is 
displaced from the mean plane defined by O5—O8 by 0.127 Å. No crystal structures of 
Mg-containing heterobimetallic lantern complexes exist in the literature for direct 
comparison, and only one structurally characterized example of a homometallic Mg 
lantern complex, [Mg2(O2CNPh2)4(HMPA)2] (HMPA = hexamethylphosphoramide) 
exists, 173 where the structure is a highly distorted lantern, with each Mg center extending 
well beyond the plane of the carboxylate oxygens by 0.473 Å, a substantially greater 
displacement than is observed in 22. The {MgO4} faces of [Mg2(O2CNPh2)4(HMPA)2] 
are shifted resulting in the nonlinear Mg1-Mg1B-O5B angle of 168.58°,173 and a Mg…Mg 
separation of 3.150(1) Å, making the Mg centers farther from each other than the 
intramolecular Pt…Mg spacing observed in 22.173 In comparison, 22 again forms an offset  
dimer in the solid state with platinum forming multiple short contacts with S atoms from 
an adjacent lantern as shown in Figure 3.13. Each lantern in the unit cell forms three S…S 
contacts between S(2)—S(7), S(4)—S(6), and S(3)—S(7) that were found to be 3.535(2), 
3.230(1), and 3.494(1) Å respectively. There are two short Pt…S distances of 3.364(1) 
and 3.0947(9) Å between Pt(1)—S(7) and Pt(2)—S(4). 
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Figure 3.13. Top: ORTEP of the two inequivalent [PtMg(tba)4(OH2)] units, 22. Bottom: 
Short Pt…S contacts between dimeric units of 22. Ellipsoids are drawn at the 50% level. 
Hydrogen atoms have been removed for clarity. 
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Figure 3.14. ORTEP of Ca-bridged dimer of [PtCa(tba)4(OH2)]2, 23. Ellipsoids are 
drawn at the 50% level. Hydrogen atoms have been removed for clarity and lattice 
solvent have been removed for clarity. 
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Figure 3.15 Top: ORTEP diagram of a single distorted unit of 23 truncated at the 
bridging thiobenzoate oxygen for clarity. Bottom: Short Pt…S contacts between truncated 
dimeric units of 23. Ellipsoids are drawn at the 50% level. Hydrogen atoms and lattice 
solvent have been omitted for clarity. 
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Complex 23 forms a “tail-to-tail” carboxylate bridged dimer as shown in Figure 
3.14. The Ca atom forms contacts with an oxygen from the thiobenzoate making the 
calcium effectively six coordinate with a trigonal prismatic configuration (Figure 3.15, 
top). To make room for this ligand the axially coordinated water molecule is pushed to 
the side as illustrated by the nonlinear Pt(1)-Ca(1)-O(1W) angle of 137.84(9)°. The 
Ca(1)—O(1W) distance is elongated at 2.377(4) Å, which is consistent with the average 
nonbridging Ca-OH2 distance of 2.40(6) Å as determined from a survey of the CSD.163 
Figure 3.16 ORTEP of [PtZn(tba)4(OH2)] · THF, 24. Ellipsoids are drawn at the 50% 
level. Only a single rotamer is shown and hydrogen atoms have been excluded for clarity. 
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The Ca atom is displaced substantially from the mean O1-O4 plane by 0.629 Å, which is 
typical of Ca lanterns (as described in the following paragraph) resulting in a Ca(1)…Pt(1) 
distance of 3.063(8) Å. The geometry about the Pt center also deviates from square 
planar, with the Pt center removed from the mean plane of S1-S4 by 0.106 Å towards the 
Ca center, likely a result of the geometric distortion caused by the size of the Ca center, 
which with an ionic radius of 1.06 Å, is roughly 56% larger than the largest divalent 
cation used (Co2+, 0.68 Å) to prepare a thiocarboxylate based lantern complex.174 
Additionally, this distortion could be the result of the Ca2+ cation needing to fill its 
coordination sphere with the additional oxygen from the neighboring carboxylate, 
requiring a geometric adjustment of all other coordinated species to adopt the six 
coordinate geometry. The platinum centers on both ends of the bridged complex form 
two short Pt…S contacts with an adjacent tetrametallic unit (Figure 3.15, bottom) with a 
unique Pt1…S1i distance of 3.3924(9) Å and a Ca1-Pt1-Pt1i angle of 147.90(2)°.  
Several examples of Ca-containing heterobimetallic lantern complexes have been 
structurally characterized including two examples prepared with Cu,175,176 one with Pd,177 
and a fourth with Pt.178 Grant et al. reported the structure of 
[CaCu(O2CCH2OC6H4Cl-2)(H2O)4], a heterobimetallic{CaCu} lantern complex with a 
square planar Cu center coordinated to four bridging carboxylates and an axially 
coordinated water molecule.175 The Ca center is displaced by 1.258 Å from the mean 
plane defined by the Ca-coordinated carboxylate oxygens, which is substantially more 
than 0.629 Å displacement observed in 23. This displacement leads to a Cu1…Ca1 
distance of 3.479(3) Å. Interestingly, the other reported {CaCu} lantern complex with the 
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stoichiometry, [CaCu(Et3NCH2CO2)4(NO3)2(H2O)]24+ forms a carboxylate bridged dimer 
much like 23, however, it is the Cu centers that are bridged by two reciprocated Cu—O 
bonds (Cu—O is 2.301 Å) with carboxylate oxygens of the adjacent lantern unit.176 The 
Ca center of this complex is similarly displaced from the mean plane of the carboxylate 
oxygens by 1.237 Å with a Ca…Cu separation of 3.420 Å.176 The Ca centers of 
[CaCu(Et3NCH2CO2)4(NO3)2(H2O)]24+ are eight-coordinate just as in the case of 
[CaCu(O2CCH2OC6H4Cl-2)(H2O)4] except three aquo ligands have been replaced with 
two nitrate moieties, one that binds in a bidentate fashion and another that behaves as a 
monodentate ligand.175,176 The only reported {PtCa} lantern complex, [PtCa(Ox)4Cl]– 
(Ox = 2-mercaptobenzoxazoyl), is similar to 23 with the Pt center displaced from the 
mean plane defined by S1—S4 by 0.096 Å towards the Ca center, which itself deviates 
from the carboxylate oxygen plane by 0.488 Å towards the axially bound chloride atom. 
These displacements and the Pt…Ca distance of 2.960(5) Å are consistent with those 
observed in 23. 
 Compound 24 forms a metallophilic dimer (Figure 3.16) much like the previously 
reported tba complexes101 and 1—6, with a short Pt…Pt distance of 3.1202(3) Å. The 
observed Pt…Pt distance of 24 is slightly shorter than the Pt…Pt distance observed in 3 
(3.1246(3) Å) and significantly longer than that of 6 (3.4453(2) Å). The {PtS4} faces are 
staggered with the average torsion angle (defined by SPtPtS) of 45(5)°. The observed 
Pt…Zn distance of 2.6330(6) Å is similar to the average Pt…Zn distance of 2.639(12) Å 
observed in the thioacetate derivative, 3. 
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Several trends emerge from a comparative analysis of the structural parameters of 
compounds 10—18 and a comprehensive list of important structural factors is shown in 
Table 3.3. Efforts were made to minimize subtle influences upon structure, such as lattice 
solvent and ligand steric properties. All compounds except 24 were recrystallized from 
CH2Cl2 and the effect of ligand donor character was studied by substitution of the 
pyridine ring to minimally perturb ligand steric bulk near the metal centers. Inclusion of 
19 and 20 with non-pyridine derived ligands bound to the 3d metal center complicated 
the determination of ligand-derived patterns by having O-atom donation to the 3d metal. 
By carefully comparing complexes that are largely similar, it is possible to determine 
more closely the structural relationships that are due to changes that are due to alteration 
 
Figure 3.17 M—N distance of 4 – 6 and 13 – 18 as a function of axial ligand pKa. Red: 
{PtCo}, Blue: {PtNi}, Black: {PtZn}; Triangles: NO2py, Circles: py, Squares: 4-amp. 
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of the axially coordinated ligand. There is a linear relationship between the M—N 
distance and the calculated179 pKa of the pyridyl nitrogen	of the pyridine moiety as shown 
in Figure 3.17. The M—N distance decreases as the pyridyl nitrogen becomes 
increasingly basic from NO2py to py to 4-amp. This trend results in a shorter M—L bond, 
as the result of more electron density being donated from the pyridyl nitrogen to the 3dz2 
orbital. Notably, the Ni NO2py derivative, 5, does not fit this trend and exhibits the 
shortest M—N distance of the series. In the same compound there is an extraordinarily 
short Pt…Pt distance of 3.0794(6) Å between {PtNi} lantern units. Perhaps the 
diminished σ-donating ability of the pyridyl nitrogen favors the formation of a shorter 
Pt…Pt contact. The drastic shortening of the average Pt—Ni bond of 5 (2.565(4) Å) could 
indicate better orbital overlap between Pt and Ni resulting in better communication of 
ligand electronic effects to Pt.  A clear trend also emerges in the M—L distance as a 
function of the 3d metal identity such that for L = py, 4-amp, NO2py, the Co—L distance 
is longest, followed by Zn—L, and Ni—L is the shortest. 
The Pt—M distance is most strongly affected by whether or not the Pt center 
forms axial interactions, and by the identity of the ligand at the Pt center, as schematized 
by Figure 3.16. The Pt atoms in 10—18 all form close intra- or intermolecular contacts. 
In 10—12 Pt coordinates to pyridine, and in 13—18 the Pt centers form close contacts 
with a sulfur from an adjacent lantern complex as they align face to face in an offset of 
the M-Pt…Pt vector, but in a ligand-eclipsed manner. As previously reported, 4—6 with 
M(3d) coordinated to NO2py form short Pt…Pt metallophilic contacts in the solid state. A 
qualitative trend emerges between the Pt…M and Pt…L distances (Figure 3.18). As the 
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Pt—L distance decreases, so decreases the Pt—M distance in an approximately linear 
fashion. This correlation suggests that axial ligand electron donation to the Pt center 
results in a net stabilization of the Pt—M σ orbital and a concomitant bond shortening, 
perhaps via enhanced coulombic attraction between the metal centers. Previous DFT 
calculations101	conducted on the series [PtM(tba)4(OH2)]2 (M = Fe, Co, Ni) suggest that 
the 3d metal in these lantern structures has a significant positive charge because electron 
density is withdrawn by the thiobenzoate oxygen atoms. Further, the interaction between 
Pt and the 3d metal has donor (Pt)—acceptor (M) character. Therefore, the relationship 
between Pt—L distance and Pt—M distance is the result of increasing the electron 
density at the Pt center, resulting in additional donation to 3d metal center. 
 
Figure 3.18. Pt—M distance as a function Pt—L distance of 4 – 6 and 10 – 18. Red: 
{PtCo}, Blue: {PtNi}, Black: {PtZn}; Triangles: NO2py, Circles: py,  
Squares: 4-amp. Diamonds: py2. 
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Figure 3.19. Pt—M distance as a function of M—L distance of 4 – 6 and 13 – 18. Red: 
{PtCo}, Blue: {PtNi}, Black: {PtZn}; Triangles: NO2py, Circles: py,  
Squares: 4-amp. 
A strong trans influence is not evident in the relationship between the Pt—M and 
M—L distances. The interplay between M—M bond distances and axial ligand σ-donor 
strength has been studied in great detail in many homometallic dinuclear species 
including, rhodium, platinum,71,180-184 and gold systems.180 The structural trans influence 
in a Y-M-L unit causes M-L bond elongation trans to a trans-influencing ligand (Y).  In 
the case of dinuclear Rh(III)—Rh(III) carboxylate species, the Rh—Rh bond is strongly 
trans influencing such that short Rh—Rh distances resulting in elongated Rh—Laxial 
distances.185 This effect has been attributed in large part to M—M σ orbital stabilization, 
resulting in the M-L σ* orbital (the orbital into which the axial ligands donate their 
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electrons) destabilization and thus less effective bonding with respect to the axial ligand. 
The species herein exhibit very little change in the Pt—M distance when the σ-donor 
strength of the ligand coordinated to the 3d metal is changed as shown in Figure 3.19, 
suggesting that the Pt-M bonds are weaker trans influencers than the Rh(III)2 bonds. 
Compounds 10—12 are the closest analogs to the previously studied dinuclear 
complexes, but modification of the pyridine to NO2py or 4-amp does not result in the 
binding of two equivalents of the pyridine derivative, making a direct study of the 
structural trans influence more complicated.  
 
 
Scheme 3.4. Illustration of parameters correlated in Figure 3.20. Angle of offset is 
illustrated in blue and intermolecular S…S distance is noted in red. 
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There is no relationship between the Pt…Pt distance observed versus the pKa of 
the 3d metal bound axial ligand. Despite a general trend towards longer Pt…Pt distances 
as the pKa of the axial ligand increases, the relationship is non-linear. The relationship is 
confounded by the fact that Pt…Pt interactions have been supplanted by intermolecular 
Pt…S interactions in 13—18 suggesting that there may be competition between Pt…S and  
Pt…Pt intermolecular interactions, the strengths of which have not been ascertained. 
Interestingly, a nearly linear relationship (Figure 3.20) exists between the angle of offset 
and the intermolecular S…S distance as illustrated in Scheme 3.4. This suggests that the 
 
Figure 3.20 Pti-Pt-S angle of offset versus S…S distances of 13—20. Red: {PtCo}, Blue: 
{PtNi}, Black {PtZn}; Circles: pyridine, Squares: 4-amp,  
Triangle: DMF, Diamond: DMSO  
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primary structure difference between 13—20 is a linear offset of adjacent {PtS4} faces 
that leads to the different angles of offset observed.  
3.3.4. 195Pt NMR Spectroscopy. The 195Pt NMR spectra were recorded for the 
diamagnetic complexes 12, 15 19, 21—24 because the 195Pt chemical shift is highly 
dependent on Pt center geometry and ligands and the values are tabulated in Table 3.4. 
Representative 195Pt spectra are shown in Figure 3.21. The 195Pt chemical shift is strongly 
temperature and solvent dependent,186 therefore all spectra were recorded at 298 K in 
CD2Cl2. Several trends emerge from the data. There is a clear difference in the chemical 
shifts between thiobenzoate and thioacetate. The observed signal for [PtMg(tba)4(OH2)] 
at -4276 ppm is shifted downfield to -4270 ppm for [PtMg(SAc)4(OH2)] and the same 
trend is observed for [PtZn(tba)4(OH2)] with a peak observable at -4310 ppm and the 
peak for the thioacetate derivative shifted downfield by 10 ppm, observable at -4300 
ppm. These data are consistent with thioacetate being more Lewis basic and electron 
donating than thiobenzoate. The platinum coordination environments are all effectively 
pseudo square-planar geometry with in-plane {PtS4} donation and an axial ligand L 
except 12, which has a {PtS4N1} coordination environment with octahedral geometry. 
Changes in coordination number are typically accompanied by substantial changes in 
chemical shift on the order of thousands of ppm.187 This effect has been clearly studied 
with some Pt(0) species, for instance, [Pt(PEt)3] has an observed shift of -4526 ppm and 
upon increasing the coordination number by one to [Pt(PEt)4], the observed resonance 
decreases to -5262 ppm.187 The change from an environment of {PtS4} in 15 to {PtS4N1} 
in 12 is marked by only a shift of 2 ppm, suggesting a very weak interaction between 
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platinum and the pyridyl nitrogen in 12. There is very little change in the 195Pt chemical 
shift observed when pyridine has a para-amino substituent (NH2) or meta (NO2) 
substituent, consistent with lack of an aromatic resonance effect on δ 195Pt.186 The 
chemical shift difference as a function of para- substituents has been demonstrated to be 
less than 5 ppm even when carboxylates that are directly coordinated to the Pt center 
have been modified as has been reported. Complexes of the form [Pt(PEt3)2HL] also 
exhibit a modest change in observed δ 195Pt values, only 4.7 ppm, when L is changed 
from para-NMe2-C6H4CO2 to p-NO2-C6H4CO2.188 This pattern is borne out in 
[PtZn(SAc)4(NC5H4R)] (R = H, 12; NO2, 6; NH2, 18) in which modification of the 
pyridine ligand results in a modest shift range of -4303 to -4311 ppm. This degree of 
pyridine substituent influence over the 195Pt chemical shift suggests that modification of 
the pyridine ligand does impact the electronic environment of the platinum despite being 
separated by two bonds. 
The δ 195Pt changes most when comparing Zn with either Ca or Mg. A downfield 
shift of about 30 ppm is observed when comparing Zn to Mg in either the thiobenzoate or 
thioacetate based lanterns. These data suggest that Pt experiences an electronic difference 
between Zn and Mg or Ca.  The further downfield shift of 130 ppm when Mg is 
substituted with Ca is poorly understood. As was noted earlier, [PtCa(tba)4(OH2)] has a 
substantially different geometry than the other prepared lantern complexes. In the solid 
state the trigonal prismatic, six-coordinate Ca atom forms contacts with an oxygen from 
the thiobenzoate of an adjacent lantern unit to form a tail-to-tail dimer. The large change 
in the δ 195Pt of the Ca thiobenzoate lantern could be the result of the distorted square
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Figure 3.21. Representative 195Pt NMR spectra for 6, 12, 18, 21, and 24  
recorded in CD2Cl2. 
131 
	
planar geometry of 23, where the Pt is displaced inward by 0.106 Å whereas the Pt center 
of 22 is more strictly square planar with an average displacement of only 0.01(1) Å from 
the plane defined by the thiocarboxylate S atoms. 
 
3.3.5. Luminescence Characterization. The solid-state luminescence behavior of 
several Zn (3, 6, 15, 18) and Mg (21, 22) compounds were investigated as a companion 
study to the 195Pt NMR experiments, to assist in the assessment of the electronic 
perturbations felt by the Pt center when in close proximity to Mg, Ca, and Zn.  
Preliminary structural data for 21 show connectivity similar to 3, with a short Pt…Pt 
distance of 3.37(1) Å and a Pt…Mg separation of 2.77(1) Å that is considerably less than 
the sum of their van der Waals radii (3.48 Å). Unsurprisingly, [PtMg(SAc)4(OH2)] (21) 
 
Figure 3.22 Solid state luminescence of [PtMg(tba)4(OH2)], 22. Excitation at 380 nm 
(black trace) and emission at 580 and 695 nm (red trace). 
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was found to be nonemissive, because of a lack of d electrons to be excited, and the 
nonemissive character of the thioacetate ligand, however, the thiobenzoate derivative, 
[PtMg(tba)4(OH2)] (22), was found to emit at 580 and 695 nm if excited with 380 nm 
light (Figure 3.22). An emission from 22 was also observed at 702 nm with 460 nm 
excitation (Figure 3.23). These emissions can be tentatively assigned to intraligand 
transitions within thiobenzoate. Interestingly, the Zn-thioacetate derivative, 
[PtZn(SAc)4(OH2)] (3), was found to exhibit a broad emission centered about 664 nm 
when excited with at 383 nm (Figure 3.24). This emission shows a vibrational structure 
that may be related to the thioacetate ligand or it could be due to a Pt…Pt…Zn interaction.   
 
 
Figure 3.23. Solid state luminescence of [PtMg(tba)4(OH2)], 22. Excitation at 460 nm 
(black trace) and emission at 580 and 695 nm (red trace). 
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Curiously, although also exhibiting a short Pt…Pt contact (3.4453(2) Å), the NO2py 
derivative, 6, is not luminescent. These two results suggest that in these compounds a 
short Pt…Pt contact alone does not result in luminescence, but rather the excitation of 
electrons from the Pt…Pt σ* into an orbital with PtZn character. Alternatively, the 
emission could result from excitation of electrons resident in orbitals with PtZn character. 
The compound [PtZn(SAc)4(py)] (15) was determined to be nonluminescent, whereas the 
4-amp derivative, 18, was found to emit at 625 nm when an excitation wavelength of 360 
nm was employed (Figure 3.25). These two compounds have very similar Pt-Zn distances 
(Table 3.3) and no Pt…Pt contacts shorter than 4 Å. The luminescence in 18 therefore, 
does not arise from a Pt…Pt based orbital and is likely the result of excitation from a Pt—
Zn interaction based orbital to the π* orbital of the 4-amp or thioacetate ligand.  
  
Figure 3.24. Solid state luminescence of [PtZn(SAc)4(OH2)], 3. Excitation at 383 nm 
(black trace) and emission at 664 nm (red trace). 
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The Zn-derivatives, 3 and 18, that exhibit luminescence behavior have short 
intramolecular Pt…Zn distances of 2.6477(7) and 2.5517(6) Å respectively, which is 
substantially shorter than the sum of the van der Waals radii for Pt and Zn (3.15 Å).60 In 
addition to a short Pt…Zn distance, 3 exhibits a Pt…Pt interaction in the solid state with a 
short Pt…Pt separation of 3.1246(4) Å. However, the luminescent behavior of 3 and 18 
cannot be attributed to these structural features alone. Compound 15 exhibits a short 
Pt…Zn separation (2.5180(5) Å) and 6 exhibits both a short Pt…Zn distance (2.6282(3) Å) 
and a short Pt…Pt distance (3.4453(2) Å), yet despite this, both compounds are 
nonemissive. These data suggest that short Pt…Zn and Pt…Pt contacts are not sufficient to 
engender luminescent behavior, but that different L donor ligands can have an impact on 
the observed photophysical properties. These luminescence data, along with the 195Pt 
 
Figure 3.25. Solid state luminescence of [PtZn(SAc)4(4-amp)], 18. Excitation at 360 nm 
(black trace) and emission at 580 and 695 nm (red trace). 
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NMR data that show that Pt experiences a different electronic environment in {PtMg} 
and {PtZn} lantern complexes that are otherwise structurally analogous, support the 
hypothesis that a Pt(II)—Zn(II) metallophilic interaction exists in the prepared {PtZn} 
lantern complexes. To date only one example189 of a metallophilic interaction between 
Pt(II) and Zn(II) centers has been proposed, but the authors report no evidence to support 
the claim beyond structural data, merely citing the short Pt...Zn distance of (2.760(1) Å) 
as evidence of metallophilicity – we note that this vector is longer than that found for the 
Pt…Zn distance of 3. There are reports190 in the literature that attempt to model the 
electronic structure of Zn(II)—Zn(II) metallophilic dimers and a recent lone example191 
of a Pt(0)-to-Zn(II) dative bonding interaction, but no experimentally prepared Zn(II) 
complexes are known that exhibit metallophilic interactions. 
3.3.6. Magnetic Properties. Solution phase magnetic susceptibilities for complexes 10—
11, 13—14, 16—17, and 19—20 were obtained by employing the Evans method.155 The 
resultant susceptibilities of 5.18 (10), 4.61 (13), 4.87 (16), and 5.01 µB (19), all fall within 
the expected range192 for monomeric {PtCo} species containing a high spin Co(II) S = 
3/2 in a pseudo-octahedral coordination geometry. The susceptibilities obtained for the 
Ni-derivatives, 3.15 (11), 3.09 (14), 2.97 (17), 3.03 µB (20), are consistent with high-spin 
Ni(II) with oxygen donor ligands in a pseudo-octahedral coordination environment from 
the thiocarboxylates that results in an S = 1, monomeric {PtNi} species. 
Solid-state magnetic susceptibility data for all paramagnetic species, 10—11, 
13—14, 16—17, and 19—20 were obtained were collected and are shown in Figures 3.26 
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and 3.27 and tabulated along with related structural parameters in Table 3.5. At 300 K all 
Co-containing complexes, 10, 13, 16, and 19, exhibit magnetic susceptibilities consistent 
with high-spin Co(II) in a pseudo-octahedral coordination geometry and behave as 
isolated S = 3/2 centers consistent with solution phase data. It has not yet been possible to 
generate simulated fits for the magnetic data of the Co-derivatives (10, 13, 16 and 19) 
that adequately address the ZFS and spin-orbit coupling that are common for 
paramagnetic Co(II) centers. The room temperature solid state magnetic susceptibility of 
all Ni-derivatives, 11, 14, 17, and 20 were likewise consistent with high-spin nickel(II) 
centers in a pseudo-octahedral environment that behave as isolated S = 1 species.  
Reasonable fits to the solid state magnetic susceptibility data were obtained for 
11, 14 and 17 (Figure 3.28) using julX102 and the fitted magnetic parameters are tabulated 
in Table 3.6. At 300 K the χMT products for 11, 14 and 17 are 1.40, 1.41 and 1.18 emu K 
mol-1 (µeff = 3.35, 3.36 and 3.08 µB) respectively, which are slightly larger than what 
would be expected for an isolated Ni(II) center with g = 2 (1.00 emu K mol-1). The low 
temperature downturn of the χMT products of 11, 14 and 17 suggest zero-field splitting, 
which for octahedral Ni(II) would be expected to be small due to the orbital symmetry. 
The fits obtained for 11, 14 and 17 were generated using a monomeric {PtNi} model and 
the lack of significant intermolecular contacts observed in the crystal structure were cause 
to fix the mean field approximation parameter (θ) at 0. An appropriate theoretical fit for 
the magnetic susceptibility data of 20 has not been obtained. It is clear from attempts to 
fit these data that 20 does not behave as a dimeric unit as observed for 1—6 as modeling 
this complex this complex as {PtNi}2 yields nonsensical results. 
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Figure 3.26. Variable temperature magnetic susceptibility for cobalt thioacetate lanterns, 
10, 13, 16, and 19 measured in a 1000 Oe field.. 
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Figure 3.27. Variable temperature magnetic susceptibility for nickel thioacetate lanterns, 
11, 14, 17, and 20 measured in a 1000 Oe field. 
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Figure 3.28. Temperature dependence of magnetic susceptibility for 11 (Black 
circles), 14 (Blue squares) and 17 (Green diamonds) measured at 1000 G. Best fits 
obtained from julX are presented as solid lines. 
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The solid and solution phase magnetic susceptibility data are also internally 
consistent for both Co- and Ni-derivatives as shown in Table 3.5. The low temperature 
turn down of the χMT value for all the paramagnetic species reported in this chapter is 
consistent with zero-field splitting. These data suggest that the short Pt…S an S…S 
contacts observed do not facilitate an antiferromagnetic coupling interaction that has been 
observed when short Pt…Pt interactions exist between lantern units.101,151 In this way the 
lantern units 10, 11, 13, 14, 16, 17, 19, and 20 are effectively magnetically isolated 
monomeric species.  
3.3.7. Electronic Structure. The electronic spectra of compounds 10—20 are consistent 
with previous reports of thioacetate lantern complexes with homoleptic coordination 
around each metal center.95,151 Co-containing complexes 10, 13, 16, and 19, all exhibit 
three characteristic absorbances in the visible region near 495, 535, and 590 nm that can 
 
Figure 3.29. Vis-NIR spectra of Co-derivatives 4, 10, 13, 16 and 19. 
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be attributed to MLCT transitions originating from the Co center (Figure 3.29). There is 
only a minor perturbation in the energy and intensity of these absorptions as a function of 
axial pyridine substitution. A minor red shift and decrease of intensity of the most intense 
visible absorption feature is observed as the pyridyl nitrogen becomes more basic as can 
be seen in Table 3.7. This red shift with axial ligand basicity is also observed for the NIR 
absorption bands attributed to an intermetallic d—d transition. Interestingly, the switch 
from N-donor pyridine derivatives to the O-donor DMSO does not result in a significant 
shift of the visible or NIR absorption bands; however, a significant decrease in the 
intensity of the major visible absorption is observed.  
The same general trend holds for the Ni-derivatives, 11, 14, 17, and 20 (Figure 
3.30); as the pyridyl nitrogen becomes increasingly basic from NO2py to 4-amp there is a 
red shift of the major visible feature as clearly shown in Table 3.7. There appears to be no 
 
Figure 3.30. Vis-NIR spectra of Ni-derivatives 5, 11, 14, 17 and 20. 
142 
	
significant shift of the broad NIR absorbances as a function of the pyridyl ligand, 
however, substituting the N-donor pyridine ligand for an O-donor DMF ligand results in 
a substantial shift in both the visible and NIR absorbances.  
Unsurprisingly, none of the Zn compounds (12, 15, 18, 24), Mg compounds (21 
and 22), or the Ca-derivative (23) exhibit visible or NIR absorbances, further supporting 
the proposal that the MLCT bands in the visible range originate from the 3d metal. 
Additionally, the NIR transitions that result from an intermetallic d—d transition in the 
Co- and Ni-derivatives between the Pt center and the 3d metal are not present in the Zn-
derivatives. The one transition in the diamagnetic thioacetate complexes which is found 
is a LMCT band that falls in the range 244 to 263 nm for all diamagnetic thioacetate 
complexes. The thiobenzoate derivatives 22—24 exhibit two primary transitions in the 
UV region, one near 241 nm that can be attributed to a LMCT and another near 314 nm 
that is a π to π* transition of the thiobenzoate phenyl ring. 
3.4. Conclusions. In summary, we have prepared and thoroughly characterized 15 
heterobimetallic lantern complexes of the form [PtM(SOCR)4(L)] (R = CH3; M = Co, Ni, 
Mg, Zn; R = C6H5, M = Mg, Ca, Zn). Complexes 10—12 exhibit a unique binding mode 
for Pt(II) and, to the best of our knowledge, are the only examples of crystallographically 
characterized compounds with Pt(II) in a pseudo-octahedral geometry coordinated to five 
heteroatoms in the absence of a macrocycle. Complexes 13—20, and 22 all form dimeric 
units in the solid state linked by intermolecular Pt…S interactions an unusual form of 
intermolecular interactions for platinum-containing lantern complexes. By systematically 
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altering the axial ligand coordinated to the 3d metal center it was possible to establish 
several structural relationships. A correlation between the observed Pt—M distance and 
Pt—L distance has been discovered, along with a dependence of the M—L distance and 
the pKa of the coordinated pyridyl nitrogen. A strong relationship between the angle of 
offset of adjacent lantern units and the observed S…S distances has also been 
demonstrated. A cooperative study employing 195Pt NMR, structural analysis, and solid-
state fluorescence spectroscopy has provided evidence for a Pt—Zn metallophilic 
interaction in compound 3. 
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Table 3.1. (cont.). 
Compound 16 17 18 19 20 
formula C13H18CoN2O
4PtS4 
C13H18N2NiO4
PtS4 
C13H18N2O4Pt
S4Zn 
C10H18CoO5PtS, 
C2H6OS 
C11H19NNiO5Pt
S4, C3H7NO 
fw 648.55 648.33 654.99 710.69 700.41 
cryst syst triclinic triclinic triclinic triclinic monoclinic 
space group P-1 P-1 P-1 P-1 P21/c 
a, Å 8.8985(8) 8.8617(4) 8.9262(14) 8.6924(5) 13.0421(2) 
b, Å 10.6574(10) 10.6957(4) 10.6627(17) 10.9949(6) 10.8041(2) 
c, Å 11.0795(9) 11.0060(4) 11.0745(18) 12.2465(7) 17.1529(3) 
α, deg 81.564(2) 81.9640(10) 81.620(7) 94.560(2) 90.00 
β, deg 76.2150(10) 76.0040(10) 76.126(6) 93.722(2) 94.2780(10) 
γ, deg 73.124(2) 73.1620(10) 72.970(7) 94.748(2) 90.00 
V, Å3 973.11(15) 966.07(7) 975.2(3) 1159.70(11) 2410.25(7) 
Z 2 2 2 2 4 
ρ(calcd), g 
cm-3 
2.213 2.229 2.231 2.035 1.930 
µ, mm-1 8.482 (Mo 
Kα) 
8.659 (Mo 
Kα) 
8.843 (Mo 
Kα) 
21.995 (Cu Kα)  15.183 (Cu Kα) 
Temp, K 100(2) 100(2) 90(2) 244(2) 292(2) 
R(F), %a 1.45 1.60 2.10 5.19 2.47 
R(ωF2), %b 3.55 3.76 5.33 12.88 6.29 
a R = ∑||Fo| – |Fc||/∑|Fo| b R(ωF2) = {∑ [ω(Fo2 – Fc2)2]}/{∑ [ω(Fo2)2]}1/2; ω = 1/[σ2(Fo2) + (aP)2 + 
bP] with a and b given in CIF, P = [2Fc2 + max(Fo,0)]/3 
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Table 3.2. Selected interatomic distances and angles. 
 
 
 
 
 
Compound  Distance (Å)  Angle (deg) 
10 Pt1-S2 2.3231(7) S1-Pt1-S1i 177.97(3) 
 Pt1-S2i 2.3231(7) S1-Pt1-S2 90.01(3) 
 Pt1-S1 2.3274(7) S2-Pt1-S2i 179.38(3) 
 Pt1-S1i 2.3274(7) S1-Pt1-S2i 89.97(3) 
 Pt1-N2 2.568(4) S1i-Pt1-S2 89.97(3) 
 Pt1-Co1 2.5817(7) S1i-Pt1-S2i 90.01(3) 
 Co1-O2 2.0901(19) O2-Co1-O2i 179.89(8) 
 Co1-O2i 2.0901(19) O2-Co1-O1i 87.70(8) 
 Co1-N1 2.105(4) O2i-Co1-O1i 92.30(8) 
 Co1-O1i 2.1059(19) O2-Co1-O1 92.30(8) 
 Co1-O1 2.1059(19) O2i-Co1-O1 87.70(8) 
 S1-C1 1.715(3) O1-Co1-O1 179.33(8) 
 S2-C2 1.717(3) N1-Co1-Pt1 180.0(1) 
 O1-C1 1.244(4) N2-Pt1-Co1 180.00(8) 
 O2-C2 1.243(4)   
     
11 Pt1-S2i 2.3221(5) S2i-Pt1-S2 178.89(2) 
 Pt1-S2 2.3221(5) S2i-Pt1-S1 89.908(18) 
 Pt1-S1 2.3246(5) S2-Pt1-S1 90.069(18) 
 Pt1-S1i 2.3246(5) S2i-Pt1-S1i 90.070(18) 
 Pt1-N2 2.533(2) S2-Pt1-S1i 89.908(18) 
 Pt1-Ni1 2.5506(4) S1-Pt1-S1i 177.67(2) 
 Ni1-O2i 2.0572(12) O2i-Ni1-O2 178.38(5) 
 Ni1-O2 2.0572(12) O2i-Ni1-O1i 91.70(5) 
 Ni1-O1i 2.0667(12) O2-Ni1-O1i 88.27(5) 
 Ni1-O1 2.0668(12) O2i-Ni1-O1 88.27(5) 
 Ni1-N1 2.067(2) O2-Ni1-O1 91.70(5) 
 S2-C2 1.7163(19) O1i-Ni1-O1 177.70(7) 
 S1-C1 1.7148(19) N1-Ni1-Pt1 180.00(5) 
 O1-C1 1.246(2) N2-Pt1-Ni1 180.00(5) 
 O2-C2 1.241(2)   
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Table 3.2. Selected distances and angles. (continued).  
Compound  Distance (Å)  Angle (deg) 
12 Pt1-S1i  2.3191(9) S1i-Pt1-S1 179.17(5) 
 Pt1-S1  2.3191(9) S1i-Pt1-S2 90.11(4) 
 Pt1-S2  2.3206(10) S1-Pt1-S2 89.87(4) 
 Pt1-S2i  2.3206(10) S1i-Pt1-S2i 89.87(4) 
 Pt1-N2  2.476(4) S1-Pt1-S2i 90.11(4) 
 Pt1-Zn1  2.5313(7) S2-Pt1-S2i 177.84(5) 
 Zn1-N1  2.085(4) O1i-Zn1-O1 177.73(13) 
 Zn1-O1i  2.143(2) O1i-Zn1-O2 91.99(10) 
 Zn1-O1  2.143(2) O1-Zn1-O2 87.96(9) 
 Zn1-O2  2.154(2) O1i-Zn1-O2i 87.96(9) 
 Zn1-O2i  2.154(2) O1-Zn1-O2i 91.99(10) 
 S1-C1  1.706(4) O2-Zn1-O2i 177.39(13) 
 S2-C3  1.712(4) N2-Pt1-Zn1 180.00(8) 
 O2-C3  1.234(4) N1-Zn1-Pt1 180.0(1) 
 O1-C1  1.242(4)   
13 Pt1-S1  2.3114(10) S1-Pt1-S4 90.62(5) 
 Pt1-S4  2.3160(10) S1-Pt1-S2 88.79(5) 
 Pt1-S2  2.3212(10) S4-Pt1-S2 179.27(4) 
 Pt1-S3  2.3240(9) S1-Pt1-S3 178.78(4) 
 Pt1-Co1  2.6298(5) S4-Pt1-S3 90.02(4) 
 Co1-O1  2.071(3) S2-Pt1-S3 90.56(4) 
 Co1-O4  2.076(3) O1-Co1-O4 93.28(12) 
 Co1-O3  2.084(3) O1-Co1-O3 176.53(12) 
 Co1-O2  2.093(3) O4-Co1-O3 89.51(13) 
 Co1-N1 2.101(3) O1-Co1-O2 88.05(13) 
 S1-C1  1.697(4) O4-Co1-O2 177.60(12) 
 S2-C3  1.700(4) O3-Co1-O2 89.09(13) 
 S3-C5  1.704(4) N1-Co1-Pt1 179.87(9) 
 S4-C7  1.702(4) Co1-Pt1-Pt1i 133.03(1) 
 O1-C1  1.245(4)   
 O2-C3  1.229(4)   
 O3-C5  1.238(4)   
 O4-C7  1.235(5)   
 Pt1…S2i 3.0774(9)   
 Pt1…Pt1i 4.3042(3)   
 S2…S2i 3.345(2)   
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Table 3.2. Selected distances and angles. (continued).  
Compound  Distance (Å)  Angle (deg) 
14 Pt1-S4  2.3127(9) S4-Pt1-S1 90.04(3) 
 Pt1-S1  2.3175(9) S4-Pt1-S3 88.93(3) 
 Pt1-S3  2.3200(9) S1-Pt1-S3 178.78(3) 
 Pt1-S2  2.3273(9) S4-Pt1-S2 179.19(3) 
 Pt1-Ni1  2.5831(6) S1-Pt1-S2 90.62(3) 
 Ni1-O4  2.040(2) S3-Pt1-S2 90.42(3) 
 Ni1-O2  2.049(2) O4-Ni1-O2 178.48(9) 
 Ni1-O1  2.052(2) O4-Ni1-O1 91.29(9) 
 Ni1-O3  2.062(2) O2-Ni1-O1 89.80(9) 
 Ni1-N1  2.059(3) O4-Ni1-O3 88.95(9) 
 S1-C1  1.715(3) O2-Ni1-O3 89.96(9) 
 S2-C3  1.707(3) O1-Ni1-O3 179.75(10) 
 S3-C5  1.712(3) N1-Ni1-Pt1 179.87(8) 
 S4-C7  1.708(3) Ni1-Pt1-Pt1i 133.51(1) 
 O1-C1  1.243(4)   
 O2-C3  1.247(4)   
 O3-C5  1.242(4)   
 O4-C7  1.249(4)   
 Pt1…S3i 3.0587(9)   
 Pt1…Pt1i 4.2308(6)   
 S3…S4i 3.476(1)   
 S3…S3i 3.402(1)   
15 Pt1-S4 2.317(3) S4-Pt1-S3 90.29(9) 
 Pt1-S3 2.318(3) S4-Pt1-S1 90.41(9) 
 Pt1-S1 2.325(3) S3-Pt1-S1 178.33(10) 
 Pt1-S2 2.325(3) S4-Pt1-S2 178.63(9) 
 Pt1-Zn1 2.6180(5) S3-Pt1-S2 88.65(8) 
 Zn1-N1 2.084(3) S1-Pt1-S2 90.62(9) 
 Zn1-O3 2.103(7) O3-Zn1-O4 79.9(3) 
 Zn1-O4 2.115(8) O4-Zn1-O1 102.5(3) 
 Zn1-O1 2.116(8) O3-Zn1-O2 102.5(4) 
 Zn1-O2 2.134(6) O4-Zn1-O2 177.5(2) 
 S1-C1  1.727(5) O1-Zn1-O2 75.0(4) 
 S2-C3  1.720(6) O3-Zn1-O1 174.9(2) 
 S3-C5  1.723(5) N1-Zn1-Pt1 179.55(8) 
 S4-C7  1.723(5) Zn1-Pt1-Pt1i 133.35(1) 
 O1-C1  1.258(8)   
 O2-C3  1.268(7)   
 O3-C5  1.251(7)   
 O4-C7  1.242(8)   
 Pt1…S2i 3.038(3)   
 Pt1…Pt1i 4.2489(3)   
 S2…S3i 3.467(7)   
 S3…S2i 3.467(7)   
 S2…S2i 3.350(6)   
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Table 3.2. Selected distances and angles. (continued).  
Complex  Distance (Å)  Angle (deg) 
16 Pt1-S1  2.3184(6) S1-Pt1-S4 89.03(2) 
 Pt1-S4  2.3279(7) S1-Pt1-S3 89.69(2) 
 Pt1-S3  2.3283(7) S4-Pt1-S3 178.46(2) 
 Pt1-S2  2.3310(6) S1-Pt1-S2 178.90(2) 
 Pt1-Co1  2.6405(4) S4-Pt1-S2 91.36(2) 
 Co1-N1  2.072(2) S3-Pt1-S2 89.93(2) 
 Co1-O4  2.0752(18) O4-Co1-O3 175.69(7) 
 Co1-O3  2.0822(18) O4-Co1-O1 90.46(7) 
 Co1-O1  2.0843(17) O3-Co1-O1 91.05(7) 
 Co1-O2 2.0967(17) O4-Co1-O2 90.13(7) 
 S4-C7  1.720(3) O3-Co1-O2 87.94(7) 
 S2-C3  1.723(3) O1-Co1-O2 173.95(6) 
 S3-C5  1.727(3) N1-Co1-Pt1 177.81(6) 
 S1-C1  1.718(2) Co1-Pt1-Pt1i 142.51(1) 
 O1-C1  1.248(3)   
 O3-C5  1.239(3)   
 O4-C7  1.244(3)   
 O2-C3  1.245(3)   
 Pt1…Pt1i 4.1224(3)   
 Pt1…S3i 3.2646(7)   
17 Pt1-S3  2.3168(7) S3-Pt1-S4 89.57(2) 
 Pt1-S4  2.3240(7) S3-Pt1-S2 89.20(2) 
 Pt1-S2  2.3252(7) S4-Pt1-S2 178.05(2) 
 Pt1-S1 2.3294(7) S3-Pt1-S1 179.19(2) 
 Pt1-Ni1  2.5951(3) S4-Pt1-S1 89.97(2) 
 Ni1-N1 2.043(2) S2-Pt1-S1 91.29(2) 
 Ni1-O2  2.0485(18) O2-Ni1-O4 178.45(7) 
 Ni1-O4  2.0455(18) O2-Ni1-O3 90.11(7) 
 Ni1-O3  2.0481(17) O4-Ni1-O3 91.23(7) 
 Ni1-O1  2.0584(17) O2-Ni1-O1 90.69(7) 
 S1-C1  1.725(3) O4-Ni1-O1 87.91(7) 
 S2-C3 1.729(3) O3-Ni1-O1 176.11(7) 
 S3-C5  1.715(3) N1-Ni1-Pt1 178.51(6) 
 S4-C7  1.718(3) Ni1-Pt1-Pt1i 140.34(1) 
 O1-C1  1.243(3)   
 O2-C3  1.236(3)   
 O3-C5  1.248(3)   
 O4-C7  1.249(3)   
 Pt1…Pt1i 4.1304(2)   
 Pt1…S4i 3.2123(6)   
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Table 3.2. Selected distances and angles. (continued).  
Compound  Distance (Å)  Angle (deg) 
18 Pt1-S1 2.3177(10) S1-Pt1-S2 89.81(4) 
 Pt1-S2 2.3263(10) S1-Pt1-S4 88.94(4) 
 Pt1-S4 2.3280(10) S2-Pt1-S4 178.45(3) 
 Pt1-S3 2.3311(10) S1-Pt1-S3 178.79(3) 
 Pt1-Zn1 2.6617(6) S2-Pt1-S3 89.76(4) 
 Zn1-N1 2.047(3) S4-Pt1-S3 91.50(4) 
 Zn1-O1 2.097(2) O1-Zn1-O4 90.58(10) 
 Zn1-O4 2.102(3) O1-Zn1-O2 91.38(10) 
 Zn1-O2 2.108(3) O4-Zn1-O2 174.19(10) 
 Zn1-O3 2.116(2) O1-Zn1-O3 172.19(10) 
 S1-C1 1.722(4) O4-Zn1-O3 90.04(10) 
 S2-C3 1.722(4) O2-Zn1-O3 87.28(10) 
 S3-C5 1.724(4) N1-Zn1-Pt1 177.77(9) 
 S4-C7 1.719(4) Zn1-Pt1-Pt1i 142.10(1) 
 O1-C1 1.250(4)   
 O2-C3 1.246(5)   
 O3-C5 1.241(4)   
 O4-C7 1.242(4)   
 Pt1…Pt1i 4.1406(6)   
 Pt1…S2i 3.256(1)   
19 Pt1-Co1 2.6223(9) S4-Pt1-S3 90.73(7) 
 Pt1-S4 2.326(2) S4-Pt1-S1 89.54(7) 
 Pt1-S3 2.318(2) S4-Pt1-S2 179.64(7) 
 Pt1-S1 2.326(2) S3-Pt1-S1 179.04(8) 
 Pt1-S2 2.322(2) S3-Pt1-S2 89.48(7) 
 Co1-O3 2.095(5) S1-Pt1-S2 90.25(7) 
 Co1-O5 2.033(4) O4-Co1-O2 176.6(2) 
 Co1-O4 2.068(5) O3-Co1-O4 90.4(2) 
 Co1-O2 2.065(4) O3-Co1-O2 90.6(2) 
 Co1-O1 2.097(4) O3-Co1-O1 174.8(2) 
 S4-C4 1.716(7) O4-Co1-O1 91.1(2) 
 S3-C3 1.706(7) O2-Co1-O1 87.7(2) 
 S1-C1 1.712(7) O5-Co1-Pt1 178.7(1) 
 S2-C2 1.714(6) Co1-Pt1-Pt1i 146.38(2) 
 O3-C3 1.240(8)   
 O4-C4 1.229(8)   
 O2-C2 1.231(8)   
 O1-C1 1.235(7)   
 Pt1…Pt1i 3.8489(3)   
 Pt1…S1i 3.225(2)   
 
 
 
152 
	
Table 3.2. Selected distances and angles. (continued).  
Compound  Distance (Å)  Angle (deg) 
20 Pt1-Ni1 2.5571(6) S4-Pt1-S2 179.07(3) 
 Pt1-S4 2.320(1) S4-Pt1-S3 90.30(4) 
 Pt1-S2 2.325(1) S4-Pt1-S1 89.73(4) 
 Pt1-S3 2.325(1) S2-Pt1-S3 90.27(3) 
 Pt1-S1 2.321(1) S2-Pt1-S1 89.68(3) 
 Ni1-O2 2.051(3) S3-Pt1-S1 178.92(4) 
 Ni1-O4 2.049(3) O2-Ni1-O4 179.5(1) 
 Ni1-O3 2.039(3) O2-Ni1-O3 89.6(1) 
 Ni1-O1 2.040(3) O2-Ni1-O1 90.9(1) 
 Ni1-O1SL 2.033(2) O4-Ni1-O3 89.9(1) 
 S1-C1 1.721(4) O4-Ni1-O1 89.6(1) 
 S2-C2 1.711 (4) O3-Ni1-O1 179.3(1) 
 S3-C3 1.712 (4) O1SL-Ni1-Pt1 178.74(8) 
 S4-C4 1.709 (4) Ni1-Pt1-Pt1i 135.14(1) 
 O1-C1 1.234(5)   
 O2-C2 1.238 (4)   
 O3-C3 1.236 (5)   
 O4-C4 1.245 (5)   
 Pt1…Pt1i 4.2171(2)   
 Pt1…S2i 3.0716(9)   
 S2…S2i 3.449(1)   
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Table 3.2. Selected distances and angles. (continued).  
Compound  Distance (Å)  Angle (deg) 
22 Pt1-S2 2.3125 (16) S2-Pt1-S1 89.00 (5) 
 Pt1-S1 2.3174 (9) S2-Pt1-S4 178.81 (6) 
 Pt1-S4 2.3211 (14) S1-Pt1-S4 89.85 (4) 
 Pt1-S3 2.3252 (10) S2-Pt1-S3 89.20 (5) 
 Pt1-Mg1 2.6983 (12) S1-Pt1-S3 177.55 (5) 
 Pt2-S7 2.3123 (14) S4-Pt1-S3 91.93 (5) 
 Pt2-S6 2.3262 (10) S7-Pt2-S6 90.02 (5) 
 Pt2-S8 2.3274 (10) S7-Pt2-S8 91.04 (4) 
 Pt2-S5 2.3333 (14) S6-Pt2-S8 178.90 (5) 
 Pt2-Mg2 2.6754 (10) S7-Pt2-S5 179.38 (5) 
 O1W-Mg1 2.023 (3) S6-Pt2-S5 89.41 (5) 
 Mg2-O2W 1.990 (3) S8-Pt2-S5 89.53 (5) 
 Mg1-O1 2.021 (3) O8-Mg2-O5 90.46 (13) 
 Mg1-O2 2.024 (3) O8-Mg2-O7 89.91 (13) 
 Mg1-O3 2.065 (3) O5-Mg2-O7 173.05 (11) 
 Mg1-O4 2.081 (3) O8-Mg2-O6 172.56 (12) 
 Mg2-O5 2.048 (3) O5-Mg2-O6 90.44 (13) 
 Mg2-O6 2.072 (3) O7-Mg2-O6 88.31 (12) 
 Mg2-O7 2.060 (3) O1-Mg1-O2 90.17 (13) 
 Mg2-O8 2.014 (3) O1-Mg1-O3 171.55 (12) 
 S1-C11 1.717 (4) O2-Mg1-O3 90.57 (12) 
 S2-C21 1.720 (4) O1-Mg1-O4 89.92 (13) 
 S3-C31 1.705(5) O2-Mg1-O4 173.08 (12) 
 S4-C41 1.688 (4) O3-Mg1-O4 88.33 (12) 
 S5-C51 1.721 (4) O2W-Mg2-Pt2 177.18 (11) 
 S6-C61 1.703 (4) O1W-Mg1-Pt1 177.40 (9) 
 S7-C71 1.723 (4) Mg1-Pt1-Pt2i 146.80(2) 
 S8-C81 1.725 (4) Mg2-Pt2-Pt1i 140.81(3) 
 O1-C11 1.243 (5)   
 O2-C21 1.236 (5)   
 O3-C31 1.258 (5)   
 O4-C41 1.263(4)   
 C51-O5 1.244 (5)   
 C61-O6 1.260 (5)   
 O7-C71 1.243(5)   
 C81-O8 1.240 (5)   
 Pt1…S7i 3.0947(9)   
 Pt2…S4i 3.364(1)   
 S2…S7i 3.535(2)   
 S3…S7i 3.494(1)   
 S6…S4i 3.230(1)   
 Pt1…Pt2i 3.7417(2)   
 Pt2…Pt1i 3.7417(2)   
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Table 3.2. Selected distances and angles. (continued).  
Compound  Distance (Å)  Angle (deg) 
23 Pt1-S1 2.2908 (10) S1-Pt1-S3 175.82 (3) 
 Pt1-S2 2.3126 (9) S2-Pt1-S3 90.58 (4) 
 Pt1-S3 2.3210 (10) S1-Pt1-S4 89.38 (4) 
 Pt1-S4 2.3220 (9) S2-Pt1-S4 173.22 (3) 
 Pt1-Ca1 3.0636 (8) S3-Pt1-S4 88.62 (4) 
 Ca1-O1 2.414 (3) S1-Pt1-S2 90.97(4) 
 Ca1-O2 2.423 (3) O3-Ca1-O4 90.95 (11) 
 Ca1-O3 2.303 (3) O3-Ca1-O1 150.89 (11) 
 Ca1-O4 2.370 (3) O4-Ca1-O1 82.91 (10) 
 Ca1-O1W 2.377 (3) O3-Ca1-O2 88.73 (10) 
 Ca1-O1i 2.456 (3) O4-Ca1-O2 146.53 (10) 
 O1-C1 1.266 (5) O1-Ca1-O2 81.30 (9) 
 O2-C2 1.241 (5) O1W-Ca1-Pt1 137.84 (9) 
 O3-C3 1.238 (5) O1i-Ca1-Pt1 146.88 (7) 
 O4-C4 1.232 (5) Ca1-Pt1-Pt1i 147.90(2) 
 S1-C1 1.705 (4)   
 S2-C2 1.732 (4)   
 S3-C3 1.726 (4)   
 S4-C4 1.737 (4)   
 S1…Pt1i 3.3924(9)   
 Pt1…S1i 3.3924(9)   
 Pt1…Pt1i 3.8681(2)   
24 Pt1-S3B 2.294 (9) S3Bi-Pt1-S3B 179.5 (4) 
 Pt1-S3A 2.324 (2) S3A-Pt1-S3Ai 179.01 (10) 
 Pt1-S2B 2.329 (9) S3Bi-Pt1-S2Bi 89.2 (3) 
 Pt1-S2A 2.340 (2) S3B-Pt1-S2Bi 90.8 (3) 
 Pt1-Zn1 2.6329 (9) S2Bi-Pt1-S2B 178.3 (4) 
 Pt1-Pt1ii 3.1202 (5) S3A-Pt1-S2Ai 90.09 (9) 
 Zn1-O1W 2.029 (5) S3Ai-Pt1-S2Ai 89.92 (9) 
 Zn1-O2B 2.04 (3) Zn1-Pt1-Pt1ii 180.0 
 Zn1-O2A 2.053 (8) O2Bi-Zn1-O2B 173.8 (19) 
 Zn1-O3A 2.130 (5) O2A-Zn1-O2Ai 176.3 (5) 
 Zn1-O3B 2.142 (15) O2A-Zn1-O3Ai 87.6 (3) 
 S3A-C2 1.716 (6) O2Ai-Zn1-O3Ai 92.2 (3) 
 S2A-C1 1.709 (6) O3Ai-Zn1-O3A 175.3 (3) 
 O3A-C2 1.248 (8) O2Bi-Zn1-O3Bi 93.2 (10) 
 O2B-C1 1.23 (3) O2B-Zn1-O3Bi 86.4 (10) 
   O1W-Zn1-Pt1 180.00 (4) 
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Table 3.4. 195Pt and Luminescence Signals of Diamagnetic Lantern Complexes. 
Compound Pt…Pt (Å) Pt…M (Å) δ 195Pt(ppm) Emission (nm) 
[PtCa(tba)4(OH2)], 23 - 3.0636(8) -4101 - 
[PtMg(SAc)4(OH2)], 21 3.37(1)* 2.77(1)* -4270 None 
[PtMg(tba)4(OH2)], 22 - 2.687(16)† -4276 580/695/702  
[PtZn (SAc)4(OH2)], 3 3.1246(4) 2.6477(7) -4300 664 
[PtZn(SAc)4(py)1], 15 - 2.6180(5) -4303 None 
[PtZn(SAc)4(NO2py)], 6 3.4453(2) 2.6282(3) -4304 None 
[PtZn(SAc)4(py)2], 12 - 2.5313(7) -4305 - 
[PtZn(tba)4(OH2)], 24 3.1202(5) 2.6329(9) -4310 - 
[PtZn(SAc)4(amp)], 18 - 2.5517(6) -4311 625 
*Preliminary, †Average value    
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Table 3.5. Room temperature solid-state and solution magnetic susceptibilities 
Formula Compound Solution  
(Evans) µeff, µB 
Solid-state  
(SQUID) µeff, µB 
[PtCo(SAc)4(py)2] 10 5.18 5.04 
[PtNi(SAc)4(py)2] 11 3.15 3.35 
[PtCo(SAc)4(py)] 13 4.61 4.97 
[PtNi(SAc)4(py)] 14 3.09 3.36 
[PtCo(SAc)4(amp)] 16 4.87 5.04 
[PtNi(SAc)4(amp)] 17 2.97 3.08 
[PtCo(SAc)4(DMSO)](DMSO) 19 5.01 5.18 
[PtNi(SAc)4(DMF)](DMF) 20 3.03 2.91 
 
 
Table 3.6. Comparison of fitted magnetic parameters for {PtNi} complexes 
Formula Compound g D TIP (x 10-6 emu 
K mol-1) 
f(a) 
[PtNi(SAc)4(py)2] 11 2.20 29.171 582 0.01517 
[PtNi(SAc)4(py)] 14 2.09 -30.519 1071 0.01267 
[PtNi(SAc)4(amp)] 17 2.09 9.773 324 0.007866 
(a) sum of the deviation squared     
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Chapter 4 
EXTENDING NUCLEARITY WITH LANTERN-BASED BUILDING 
BLOCKS: SYNTHESIS AND CHARACTERIZATION 
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4.1. Introduction. In earlier work in the Doerrer group101,151 as well as Chapter 2 of this 
thesis, it has been established that platinum-containing heterobimetallic lantern 
complexes can exhibit Pt…Pt metallophilic interactions and form tetrametallic units in the 
solid state. The metallophilic interaction that these complexes exhibit in the solid state 
allows the unpaired 3d electrons to couple antiferromagnetically. This discovery, along 
with the synthetic methodology of employing ligands with disparate binding moieties for 
selective Pt and 3d metal binding has equipped us with the tools to extend the nuclearity 
of the building blocks we employ to develop 1D constructs. To date, all of the 
structurally characterized heterobimetallic lantern complexes prepared with 
thiocarboxylate bridging ligands also have axial ligands on the 3d metal center that 
restrict further assembly of the lantern units into supramolecular chains beyond 
dimerization either through close Pt…Pt interactions or Pt…S interactions. In this chapter 
we use two methodologies to circumvent this limitation of the thiocarboxylate lantern 
complexes.  
 
First, we set out to substitute the axial ligand of thiocarboxylate bridged 
heterobimetallic lantern complexes and link these units into an infinite 1D chain (Scheme 
Scheme 4.1. Linking schematic of {PtM} lantern units. 
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4.1). In order to maintain the viability of these 1D materials as electrical conductors it 
was important that the chosen linker ligand support charge transport along the chain. 
Pyrazine was employed to bridge the heterobimetallic lantern units discussed in Chapter 
2 because of its ability to both bridge lantern complexes in extended structures193 as well 
as its delocalized π structure that is conducive to electron transport.194-196  
Many pyrazine bridged homometallic 1D chains exist in the literature, with the 
first example, [Cu2(OAc)4(C4H4N2)]n, synthesized by Soos et al, in 1974, consisting of 
axially-linked, dinuclear copper acetate units.197,198 Since then, axially linked 1D chains 
of homometallic lantern complexes of the form [M2(O2CR)4(pyz)]n have been prepared 
and structurally characterized with Cr,199 Cu,197,198 Mo,200,201 Ru,202 Rh,203 and Zn.204 To 
the best of our knowledge, only one report exists of a tetrametallic unit composed of two 
homometallic ruthenium lantern complexes bridged by a single pyrazine.205 
As it has been shown in Chapter 2 and Chapter 3 of this thesis, and in previous 
work101,151 all of the structurally characterized heterobimetallic lantern complexes 
prepared thus far with thiocarboxylate ligands possess 3d or alkaline earth metals that 
coordinate to an L-type ligand that prevents further intermolecular metal—metal 
contacts. Two new synthetic methodologies have been employed in order to maintain the 
electronic diversity that can be obtained by heterometallic complexes with Pt and 3d 
metals, but eliminate the self-terminating nature of heterobimetallic lantern complexes 
with axial 3d metals. Both of these strategies involve preparing a scaffold for a linear 
trinuclear system wherein a 3d metal center can be incorporated within the complex, 
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flanked by two Pt centers at the termini allowing the complexes the ability to form 
infinite arrays, mediated by Pt…Pt metallophilic contacts.  
The first method we have employed to extend the nuclearity of lantern-derived 
structures is to expand the lantern scaffold to permit coordination of three transition 
metals (Scheme 4.2, left) akin to EMAC complexes (recall Scheme 1.8). We have 
designed a scaffold using 2,6-dimercaptopyridine (H2dmp) ligand,206 containing S and N 
donor atoms for the selective coordination of Pt and 3d metals, which all N-donor 
EMACs cannot do. Such a trinuclear ligand scaffold using the H2dmp protoligand has 
limited steric bulk extending beyond the terminal platinum centers, making it possible for 
the trinuclear units to form short Pt…Pt contacts. Finally, trinuclear units prepared with 
two doubly deprotonated dmp2– ligands, two singly deprotonated Hdmp– ligands, and two 
 
Scheme 4.2. Two new scaffolds employing H2dmp-based ligands. Left: A closed 
expanded-lantern framework. Right: An open, cradle framework.	
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divalent platinum ions sandwiching a divalent 3d metal would be neutral, minimizing 
coulombic repulsion between units, and ideally favoring the formation of intermolecular 
Pt…Pt interactions to form extended 1D structures.  
 
This general scaffold could be imbued with further flexibility by only employing 
two bridging dmp2– ligands to form a cradle-type complex by filling the coordination 
sphere of the Pt(II) centers with a neutral chelating ligand (e.g. 1,10-phenanthroline) to 
prepare a neutral, open framework (Scheme 4.2, right). This open framework would 
effectively be an expanded half-lantern complex with a central vacancy and two pyridyl 
nitrogens for 3d metal coordination.  
Many examples of half lantern complexes exist in the literature, often prepared 
with Pt(II) centers, owing to the electronic driving force of 4d8 and 5d8 configurations for 
square planar complexes.207-212 The prototypical half-lantern complex (Scheme 4.3) 
consists of two four coordinate platinum centers that are bridged by two bidentate ligands 
in a cis conformation. The remaining two coordination sites on each platinum center are 
usually filled with by two non-bridging bidentate ligands to give a stoichiometry of  
 
Scheme 4.3. Schematic representation of a half-lantern complex. 
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[Pt(L2)(µ2-LX)]2.209,212 Compounds of this form have been shown to exhibit 
intramolecular Pt…Pt interactions that can give rise to interesting physical properties like 
luminescence,209 but the steric bulk of the bridging ligands prevents the formation of 
intermolecular metallophilic interactions. 
The expanded half-lantern complexes, or “cradle” structures as we have named 
them, have two metal centers bridged by two binucleating ligands in cis arrangement with 
each metal coordinated to two other sterically undemanding ancillary ligands in a square 
planar geometry as shown at the right of Scheme 4.2.207 The lack of steric bulk extending 
from the termini of the cradle structural makes it possible for intermolecular metal—
metal contacts to form, unlike in typical half-lantern complexes. The use of a 
trinucleating bridging ligand also gives these cradle complexes the potential to bind a 3rd 
metal in a central position, allowing for the formation of an electronically diverse 
heterotrimetallic system.  
This chapter will discuss the synthesis and characterization of infinite chains of 
heterobimetallic lantern complexes linked by pyrazine ligands as well as tetrametallic 
pyrazine bridged dimers. The design, synthesis and characterization of diplatinum units 
that can be employed as building blocks to prepare trinuclear complexes with sterically 
accessible axial platinum centers capable of forming 1D supramolecular assemblies via 
metallophilic interactions will also be presented. 
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4.2. Experimental Section. 
4.2.1 General Information. Potassium tetrachloroplatinate (K2PtCl4) was prepared using 
a combination of literature preparations. Hexachloroplatinic acid (H2PtCl6) was 
prepared152 from commercially obtained platinum metal and was converted to K2PtCl6 
using a literature preparation.153 K2PtCl4 was then synthesized from K2PtCl6 using 
literature methods.154 The precursors [PtNi(SAc)4(OH2)], PtCo(SAc)4(OH2)], and 
[PtZn(SAc)4(OH2)] and their anhydrous analogs were prepared as previously reported151 
and presented in Chapter 2. The ligand 2,6-dimercaptopyridine was prepared using a 
published method206 and [Pt(phen)Cl2] was prepared by modifying a general method for 
the synthesis of platinum diimines.213 All other reagents were obtained commercially and 
used without further purification. Elemental analyses were performed by Atlantic 
Microlab Inc. (Norcross, GA, 30071). Thermogravimetric analysis (TGA) data were 
collected on a TA Instruments Q50 thermogravimetric analyzer. Typical data collection 
parameters include a heating rate of 10 °C/min and a final temperature of 300 °C. UV-
vis-NIR spectra were measured between 190 and 1500 nm on a Shimadzu UV-3600 
spectrometer. 1H NMR, 13C{1H} spectra and Evans method155 measurements were 
recorded on a Varian 500 MHz or 400 MHz spectrometer. Typical Evans method 
experimental conditions use a near saturated solution of a prepared compound in CD2Cl2 
doped with hexamethyldisiloxane. A capillary containing only CD2Cl2 doped with the 
same hexamethyldisiloxane concentration was then added to the NMR tube. 1H and 
13C{1H} NMR spectra are referenced to residual protio solvent and natural abundance 13C 
solvent respectively. 
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4.2.2. X-ray Crystallography. A summary of crystal data collection and refinement 
parameters for all compounds are found in Table 4.1. Data on crystals 25—31 were 
collected by members of the Rheingold group at UCSD with a Bruker APEX II CCD 
using Mo Kα radiation. Data on crystals of 32 were collected by Dr. Jeffrey Bacon at BU 
on a Bruker Proteum-R with a CCD detector using Cu Kα radiation. All crystals 25—32 
were mounted on a Cryoloops with Paratone-N oil and data were collected at 100 K or 
200 K (26). Data for all crystals were corrected for absorption with SADABS and 
structures were solved by direct methods. All non-hydrogen atoms were refined 
anisotropically by full matrix least squares on F2 and all hydrogen atoms were placed in 
calculated positions with appropriate riding parameters.  A residual electron density of 
1.56 e- was found at 0.42 Å from Co1 in complex 25. The thermal parameter for Co1 
appears smaller than normal suggesting some possible sharing of electron density with 
Pt1. Nitrogen atoms N1 and N2 of 26 and 27 were refined with similar displacement 
parameters using an EADP command. A non-standard space group F2dd was used for 
refinement of the structure of 26 rather than Fdd2.  Crystal quality of 26 was marginal 
and many of the crystals showed cracking and solvent smearing. Solutions as triclinic 
(P1, P-1) and as monoclinic (C2/c) showed numerous non-positive-definite atoms. 
Goodness of Fit parameter, second weight parameter, and bonding esu were higher than 
normal. Deuterium atoms were used in the lattice solvent CD2Cl2 to match the 
recrystallization conditions and this change was included in the unit card. The carbon 
atom C21 of 31 was disordered over two positions and was treated using a two-part 
model with a ratio of 69.7 to 30.3. In addition, residual electron density was fitted using 
167 
	
the Platon program SQUEEZE159 (that found a void of 188 Å3 with an electron count of 
61) and this was assumed to be hexane C6H14 or 50 electrons. C6H14 was added to the unit 
card to adjust the molecular mass, density and F000 value. 
4.2.3. Magnetic Measurements. Solid state magnetic susceptibility data were collected 
with Quantum Design MPMS-XL (25, 26, 28) and Quantum Design MPMS-5S (29) 
SQUID magnetometers between 2—300 K at an applied field of 1000 Oe. 
Microcrystalline samples were used as prepared without encasement in a polymer matrix. 
The samples were loaded into a sample pouch made from a small section of a drinking 
straw and sealed on both ends with an impulse sealer. The sealed sample pouch was 
inserted into a drinking straw used as a sample holder and then measured. Data were 
corrected for the magnetization of the sample holder and pouch by subtracting the 
susceptibility of an empty sample pouch, sample holder, and sample diamagnetic 
contributions using Pascal’s constants.157 A theoretical fit to the susceptibility data of 29, 
was generated by Stephanie Fiedler of the Shores group at CSU using a relative error 
minimization routine (julX 1.4.1)102 with a Hamiltonian of the form   
€ 
-2ΣJabSaSb. 
 
4.2.4. Synthetic Procedures.  
[PtCo(SAc)4(pyz)], 25. A portion of freshly prepared [PtCo(SAc)4(OH2)] (138 mg, 0.241 
mmol) was dissolved in 2 mL of acetone and diluted to 40 mL with CH2Cl2. An amount 
of pyrazine (39 mg, 0.482 mmol) was dissolved in a mixture of 6 mL CH2Cl2 / 1 mL 
acetone and added to the reaction mixture, which was boiled for 2 h then allowed to stir 
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at room temperature overnight. Orange-bronze crystals suitable for single crystal X-ray 
analysis were grown from the slow evaporation of the reaction mixture. The orange 
microcrystalline solid was transferred to a frit, washed with ethanol, dried in vacuo, and 
collected in 48% yield (74 mg). Anal. calcd. for PtCoC12H16N2O4S4: C, 22.71; H, 2.54; 
N, 4.41 %. Found: C, 23.01; H, 2.41; 4.13 %. UV-vis-NIR (CH2Cl2) (𝛌max, nm (εM, cm-1 
M-1)): 262(30,100), 393sh(457), 484(191), 520sh(57), 581sh(28), 1198(8). UV-vis-NIR 
(THF) (𝛌max, nm (εM, cm-1 M-1)): 255 (31,300), 491 (40), 521sh (17), 577 (9), 1269 (3). 
Evans method (CD2Cl2): 4.83 µB. 
[PtNi(SAc)4(pyz)], 26. A portion of freshly prepared [PtNi(SAc)4(OH2)] (138 mg, 0.241 
mmol) was dissolved in about 2 mL of acetone and the solution was diluted to 40 mL 
with CH2Cl2. An amount of pyrazine (39 mg, 0.482 mmol) was dissolved in 
approximately 1 mL of acetone and 4 mL of CH2Cl2 and this solution was added slowly 
to the reaction mixture which was boiled for 2 h, then allowed to stir at room temperature 
for 16 h. The solvent was removed and the resultant green powder transferred to a frit 
with ethanol. The solid was washed with ethanol, dried in vacuo, and recovered in 61% 
yield (93 mg). The solid was recrystallized from a CH2Cl2 solution containing pyrazine in 
excess to the dissolved lantern complex. Large green crystals suitable for single crystal 
X-ray analysis were grown from the slow evaporation of the reaction mixture. Anal. 
calcd. for PtNiC12H16N2O4S4: C, 22.72; H, 2.54; N, 4.42 %.  Found: C, 22.63; H, 2.38; N, 
4.37 %.  UV-vis-NIR (CH2Cl2) (𝛌max, nm (εM, cm-1 M-1)): 262 (29,400), 463sh (18), 
658(15), 1158 (12).  UV-vis-NIR (THF) (𝛌max, nm (εM, cm-1 M-1)): 256 (25,700), 336sh 
(1398), 496sh (3), 683 (8), 819 (4), 1305 (7). Evans method (CD2Cl2): 3.07 µB. 
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[PtZn(SAc)4(pyz)], 27. A portion of [PtZn(SAc)4(OH2)] (279 mg,  0.482 mmol) was 
dissolved in 7 mL of acetone and a solution of pyrazine (58 mg, 0.723 mmol) in 100 mL 
of CH2Cl2 was added to it. The reaction mixture was boiled for 2 h, then stirred at room 
temperature overnight. The solvent was removed resulting in a canary yellow solid, 
which was transferred to a fine frit and washed with copious ethanol and then dried in 
vacuo (0.177 mg, 57% yield). Anal. calcd. for PtZnC12H16N2O4S4: C, 22.49; H, 2.52; N, 
4.37 %.  Found: C, 22.72, H, 2.60; N, 4.30 %. Crystals for X-ray analysis were grown 
from a saturated solution of CH2Cl2 containing an excess of pyrazine with respect to the 
dissolved lantern complex. UV-vis-NIR (CH2Cl2) (𝛌max, nm (εM, cm-1 M-1)): 262 
(34,800). 1H NMR (δ, ppm, {CD2Cl2}) (See Scheme 4.4 for labeling): 8.97 (s, 2H, HA), 
8.88 (s, 2H, HB), 2.38 (s, 12H, -CH3). 13C{1H} NMR (δ, ppm, {CD2Cl2}) (See Scheme 
4.4 for labeling scheme): 215.45 (s, -CH3), 147.81 (s, CA), 145.54 (s, Cpyz) 143.63 (s, CC), 
33.01 (s, -CH3). 
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[PtCo(SAc)4(pyz)0.5]2, 28. A portion of freshly prepared [PtCo(SAc)4(OH2)] (138 mg, 
0.241 mmol) was dissolved in 5 mL of acetone and a solution of pyrazine (10 mg, 0.121 
mmol) in 2 mL of acetone was added to it immediately resulting in an orange precipitate 
from a colorless solution. The reaction mixture was stirred at room temperature for 3 h. 
The mixture was filtered and an orange precipitate separated from a colorless solution 
and washed with acetone, then dried in vacuo (81 mg, 56% yield). The orange solid was 
then washed with CH2Cl2 and became light brown upon drying in vacuo.. Anal. calcd. for 
Pt2Co2C20H28N2O8S8: C, 20.20; H, 2.37; N, 2.36 %.  Found: C, 20.15; H, 2.47; N, 2.31 
	
Scheme 4.4. NMR labeling scheme for 27 and 30. 	
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%. Crystals for X-ray analysis were grown from a saturated CH2Cl2 solution. UV-vis-NIR 
(CH2Cl2) (𝛌max, nm (εM, cm-1 M-1)): 263 (39,100), 335sh (2965), 463sh (11), 660 (11), 
1162br (16). Evans method (CD2Cl2): 6.29 µB. 
[PtNi(SAc)4(pyz)0.5]2, 29. A portion of freshly prepared [PtNi(SAc)4(OH2)] (138 mg, 
0.241 mmol) was dissolved in 5 mL of acetone and a solution of pyrazine (10 mg, 0.121 
mmol) in 2 mL of acetone was added to it immediately resulting in a green precipitate. 
The reaction mixture was stirred at room temperature for 3 h, then filtered and a green 
precipitate was separated from a colorless solution and washed with acetone, then dried 
in vacuo (83 mg, 58% yield). The green solid was further washed with CH2Cl2 and 
became turquoise in color upon drying in vacuo.. Anal. calcd. For Pt2Ni2C20H28N2O8S8: 
C, 20.10; H, 2.36; N, 2.34 %.  Found: C, 20.26; H, 2.53; N, 2.23 %. Crystals for X-ray 
analysis were grown from a saturated CH2Cl2 solution. UV-vis-NIR (CH2Cl2) (𝛌max, nm 
(εM, cm-1 M-1)): 262 (28,300), 347 sh(2625), 392sh (952), 482 (349), 582sh (27), 1219br 
(7). Evans method (CD2Cl2): 9.35 µB. 
[PtZn(SAc)4(pyz)0.5]2, 30. A portion of freshly prepared [PtZn(SAc)4(OH2)] (140 mg, 
0.241 mmol) was dissolved in 2 mL of acetone and a solution of pyrazine (10 mg, 0.121 
mmol) in 2 mL of acetone added to it and the resulting colorless solution stirred 
overnight at room temperature during which time a white precipitate formed. This 
precipitate was filtered from a colorless solution and was washed with acetone, and dried 
in vacuo (78 mg, 54 % yield). Anal. calcd. for Pt2Zn2C20H28N2O8S8: C, 19.99; H, 2.35; N, 
2.33 %.  Found: C, 19.87; H, 2.14; N, 2.41 %. Crystals for X-ray analysis were grown 
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from a saturated CH2Cl2 solution. UV-vis-NIR (CH2Cl2) (𝛌max, nm (εM, cm-1 M-1)): 268 
(44,800). 1H NMR (δ, ppm, {CD2Cl2}): 9.30 (s, 2H, HC) 8.96 (s, 2H, HA), 8.88 (s, 2H, 
HB) 2.38 (s, 3H, -CH3). 
[Pt2(Hdmp)4], 31. A portion of H2dmp (138 mg, 0.964 mmol) was heated to 64°C in 
about 30 mL H2O until it dissolved over 10 min, resulting in a yellow solution. An 
amount of K2PtCl4 (100 mg, 0.241 mmol) in about 5 mL H2O was added slowly to the 
above solution, immediately resulting in a yellow-orange precipitate. The heat source was 
removed and the reaction mixture stirred at room temperature for about 12 h. The orange 
solid was separated from the reaction mixture using a fine frit and washed with water, 
followed by Et2O, then dried in vacuo (136 mg, 67% crude yield). The solid was then 
dissolved in 40 mL of DMF at ~ 100°C, and the solution concentrated by heating until 
the volume was reduced to 10 mL, at which point it was allowed to cool to room 
temperature. A golden-yellow precipitate was forced by adding 100 mL of Et2O and this 
precipitate was filtered off. The golden-yellow solid was washed with copious Et2O and 
dried in vacuo. This solid was then recrystallized an additional two times from 
DMF/Et2O to yield analytically pure material of the composition [Pt2(Hdmp)4] · DMF. 
Yellow plate crystals for X-ray crystallography were grown from the diffusion of an 
Et2O/hexanes mixture into a concentrated DMF solution. Anal. calcd. for 
C23H23N5OPt2S8: C, 26.77; H, 2.25; N, 6.79 %. Found: C, 27.09; H, 2.33; N, 7.03 %. UV-
vis-NIR (DMF) (𝛌max, nm (εM, cm-1 M-1)): 283 (45,750), 425 (9958), 452sh (7708). 1H 
NMR (δ, ppm, {CDCl3}): 13.21 (s, 0.8 H, HN-) 7.17 (s, 1H, Hpara), 7.04 (d, J = 7.89 Hz, 
173 
	
2H, Hmeta), 2.52 (s, 0.2 H, HS-). 13C{1H} NMR (δ, ppm, {DMF-d7}): 166.72 (s, Cortho), 
137.02 (s, Cpara), 121.10 (s, Cmeta).  
[Pt2(phen)2(Hdmp)2], 32. A portion of [Pt(phen)Cl2] (100 mg, 0.224 mmol) was 
dispersed in 100 mL EtOH and 50 mL CH2Cl2 and the mixture boiled for 10 min. An 
amount of H2dmp (32 mg, 0.224 mmol) was dissolved in about 20 mL CH2Cl2 and added 
to the reaction  which began turning red-orange. The mixture was boiled for an additional 
45 min, then the heat source removed and the mixture allowed to cool to room 
temperature. The reaction mixture was filtered to remove any unreacted, insoluble 
[Pt(phen)Cl2] and the filtrate was concentrated until about 5 mL of solvent remained. As 
the solution was concentrated a red-orange precipitate began to form and was collected 
by filtration, washed with CH2Cl2, acetone, then Et2O before being dried in vacuo (49 
mg, 42 % crude yield) to afford a powder of the composition [Pt2(phen)2(dmp)2] · 5 H2O. 
Red plate crystals were grown from Et2O diffusion into a saturated DMF solution. Anal. 
calcd. for C34H32N6O5Pt2S4: C, 36.36; H, 2.87; N, 7.48 %. Found: C, 36.15; H, 2.58; N, 
7.51 %. UV-vis-NIR (DMF) (𝛌max, nm (εM, cm-1 M-1)): 274 (54,600), 418 (8389). 1H 
NMR (δ, ppm, {DMSO-d6}): 14.13 (s, 1.04 H, HS-dmp), 8.91 (dd, 3J = 5.5 Hz, 4J = 1.5 
Hz, 2H, H2,9-phen), 8.66 (dd, 3J = 8.5 Hz, 4J = 1.5 Hz, 2.0H, H4,7-phen), 7.98 (s, 1.9 H, 
H5,6-phen), 7.74 (dd, 3J = 8.5 Hz, 3J = 5.5 Hz, 2.1H, H3,8-phen), 7.28 (t, 3J = 8 Hz, 1.3H, 
Hpara-dmp), 7.17 (d, 3J = 8 Hz, 2.1H, Hmeta-dmp). 
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4.3. Results and Discussion. 
4.3.1. Syntheses. The synthesis of [PtM(SAc)4(OH2)] was conducted in the same manner 
as previously reported151 and described in Chapter 2. Briefly, a sodium thioacetate 
solution was prepared in situ by reacting thioacetic acid with a slight excess of sodium 
bicarbonate, followed by the addition of a solution of K2PtCl4 and the subsequent 
addition of a first-row transition metal chloride hydrate to yield [PtM(SAc)4(OH2)] (M = 
Co, Ni, Zn). The resulting microcrystalline powders of these hydrated heterobimetallic 
complexes were washed with water, briefly dried in air, and then reacted with excess 
pyrazine in a mixture of CH2Cl2 and acetone to generate [PtM(SAc)4(pyz)] (M = Co, 25; 
Ni, 26; Zn, 27) in good yields. Alternatively, [PtM(SAc)4(OH2)] could be reacted with 
half an equivalent of pyrazine to yield complexes of the from [PtM(SAc)4(pyz)0.5]2 (M = 
Co, 28; Ni, 29; Zn, 30). Notably, it was determined that 25—27 readily converted to  
28—30 respectively upon dissolution in neat CH2Cl2 or simply washing with CH2Cl2 as 
shown in Scheme 4.5. Presumably this could also result in the formation of the insoluble 
material 7—9, but it never been recovered. Therefore, the Pt…pyz bonding is only stable 
in the presence of excess pyrazine or in the solid state. 
	
Scheme 4.5. Proposed equilibria between 25—27, 28—30, and 7—9. 
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A 1H NMR study of [PtZn(SAc)4(pyz)] further confirms the loss of half an 
equivalent of pyrazine to form [PtZn(SAc)4(pyz)0.5]2 in solution. Upon dissolution of 27 
in neat CD2Cl2, several distinct peaks appeared in the 1H NMR spectrum. A broad, weak 
signal at 9.29 ppm is observed, along with two overlapping singlets at 8.96 and 8.88 ppm, 
and finally a large singlet at 8.56 ppm. The broad downfield singlet corresponds to the 
pyrazyl protons of the bridged species 30. This assignment is confirmed by addition of 
excess pyrazine to the NMR sample, which eliminates this signal, suggesting that an 
equilibrium between 27 and 30 exists, and that excess pyrazine pushes this equilibrium 
towards 27. The two overlapping singlets are assigned to the two nonequivalent sets of 
protons of 27, HA and HB as shown in Scheme 4.4. These singlets are always observed in 
a one-to-one ratio, confirming that these protons experience different magnetic fields 
resulting from deshielding effects related to Zn coordination and are consistent with 
terminal pyrazine coordination.214 The signal at 8.56 ppm is that of free pyrazine, 
suggesting that upon dissolution, some molecules of 27 liberate pyrazine to form 30 and 
[PtZn(SAc)4], 9. Based on these assignments, the integrations are used to determine the 
ratio of 27 to 30 in solution is one to six. This ratio might be somewhat low because the 
solubility of 30 is extremely low (~ 0.2 mg/mL) and additional 30 may have precipitated 
and been filtered away during sample preparation. The remaining two equivalents of free 
pyrazine are associated with the formation of either 9 or 30 that has precipitated. Notably, 
if 30 is dissolved in neat CD2Cl2, only the resonances at 9.29, 8.97, and 8.88 ppm, which 
are those of 27 are evident. The absence of the free pyrazine peak, but the presence of 27 
suggests that during sample preparation some 30 dissociates to form 27 and 9 and is 
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filtered off (Scheme 4.5). Complex 9 never directly observed in 1H NMR owing to its 
insolubility. 
 The facile reaction of K2PtCl4 with four equivalents of H2dmp in aqueous 
solution generated [Pt2(Hdmp)4], 31 as shown at the top of Scheme 4.6. Similarly, the 
reaction of [Pt(1,10-phen)Cl2] with two equivalents of H2dmp also yielded a dimeric 
complex [Pt2(phen)2(dmp)2], 32 (Scheme 4.6 bottom). Compound 32, while stable for 
extended periods of time (months) as a powder or crystalline material, decomposes 
readily in solution on the time scale of hours. A 13C{1H} analysis of this compound is not 
reported due to limited solubility requiring long analysis times during which a significant 
color change was always observed. It is possible that the polar donating solvents that are 
	
Scheme 4.6. Synthesis of H2dmp-based dinuclear platinum compounds.	
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required to dissolve 32, like DMSO or DMF displace the phenanthroline ligands over 
time. 
4.3.2. Structural Characterization. Crystals suitable for single-crystal X-ray diffraction 
studies of 25—27 were obtained from the slow evaporation of saturated CH2Cl2 solutions 
containing an excess of pyrazine. High quality crystals of 27—30 could be obtained 
either by the slow evaporation of solutions of 25—27 prepared with neat CH2Cl2 or by 
the evaporation of saturated solutions of 27—30. Crystals of 31 and 32 were grown via 
Et2O diffusion into saturated DMF solutions. Selected distances and angles for 25—32 
are presented in Table 4.2. 
Single-crystal X-ray diffraction studies of 25 reveal one pyrazine molecule per 
{PtCo} lantern unit with one pyrazine nitrogen coordinating to the Co center as shown at 
the top of Figure 4.1. The Co(1)—N(1) distance of 2.155(6) Å is consistent with a typical 
Co(II)-Npyz distance of 2.17(1) based on the average of 84 Co—Npyz distances compiled 
from the CSD.163 The Pt(1)—Co(1) distance of 2.588(2) Å is relatively short compared to 
the Pt—Co distances observed for {PtCo} thioacetate heterobimetallic lantern complexes 
(see Tables 2.3 and 3.3) with axial nitrogen donor ligands having an average Pt—Co 
separation of 2.6083(5) Å. Much like [(py)PtCo(SAc)4(py)], 10, Pt(1) in 25 forms a sixth 
contact, in this case to the nitrogen of a neighboring {PtCo-pyz} lantern unit. This 
Pt(1)…N(2) distance of 2.65(1) Å links individual lantern units into an infinite chain in 
the crystalline phase with the repeating unit N(2)—{Pt—Co—N(1)}∞— shown at the 
bottom of Figure 4.1. The observed Pt…N distance is long compared to the average Pt—
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Npyz distance of 2.04(4) Å obtained from the 22 structurally characterized four-coordinate 
species in the CSD with Pt—Npyz bonds that are square planar or distorted square planar 
at platinum. No structurally characterized species exist in the literature that contain five- 
or six-coordinate Pt(II) centers bound to pyrazine 
 Complex 26 also exhibits a stoichiometry of one pyrazine per {PtNi} lantern unit 
with an equivalent of pyrazine coordinating to the Ni center (Figure 4.2, top). The 
observed Pt(1)—Ni(1) bond distance of 2.539(2) Å is slightly shorter than the average, 
2.57(2) Å, for thioacetate lantern complexes (Tables 2.3 and 3.3) with a nitrogen-
donating axial ligand. Individual lantern units of 26 also assemble into linear chains via 
Pt…Npyz interactions (Figure 4.2, bottom) like 25. 
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Figure 4.1. Top: ORTEP of [PtCo(SAc)4(pyz)], 25. Bottom: Intermolecular contacts 
drawn between units of 25. Ellipsoids are drawn at the 50% level. Hydrogen atoms have 
been removed for clarity. 
180 
	
 
Figure 4.2. Top: ORTEP of [PtNi(SAc)4(pyz)], 26. Bottom: Intermolecular contacts 
drawn between units of 26. Ellipsoids are drawn at the 50% level. Hydrogen atoms have 
been removed for clarity. 
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Figure 4.3. Top: ORTEP of [PtZn(SAc)4(pyz)], 27. Bottom: Intermolecular contacts 
drawn between units of 27. Ellipsoids are drawn at the 50% level. Hydrogen atoms have 
been removed for clarity. 
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This Pt(1)…N(2) distance of 2.68(2) Å is again considerably longer than the average Pt-
pyz bond of 2.05(1) Å mentioned above, as well as being slightly longer than the Pt…Npyz 
distance observed for 25. The Ni—N distance of 2.06(1) Å is consistent with the average 
Ni(II)-Npyz bond distance of 2.11(1) Å calculated from the 35 structurally characterized 
species containing Ni—Npyz bonds in the CSD.163  
 X-ray crystal structure data of 27 reveal that it is isostructural to 25 (Figure 4.3, 
top). The structure of 27 exhibits the 1D extended structure (Figure 4.3, bottom) 
engendered by short intermolecular Pt…Npyz contacts of 2.64(2) Å, which is the shortest 
Pt…Npyz distance of the [PtM(SAc)4(pyz)] family of compounds, but still significantly 
longer than the average Pt…Npyz distance of 2.05(1) Å as determined from the structural 
data available in the CSD.163 The Pt…Zn distance of 2.542(2) is unremarkable and 
consistent with the Pt…Zn distances reported in Chapter 3 for thioacetate lantern 
complexes with Zn coordinated to a nitrogen-donating axial ligand. The Zn-Npyz distance 
of 2.152(6) Å observed within 27 is consistent with the average Zn-pyz distance of 
2.18(1) Å from the 33 structures in the CSD exhibiting such bonding.163  
 Upon recrystallization from CH2Cl2 or by limiting the stoichiometry of 
[PtCo(SAc)4(OH2)] to pyrazine to 2:1, an alternate structural motif was determined in 28 
as shown at the top of Figure 4.4. Single-crystal X-ray data of 28 reveal two {PtCo} 
thioacetate lantern units bridged in a tail-to-tail fashion by a single pyrazine molecule. 
This bridged tetrametallic unit forms a nearly linear chain, only slightly offset as 
indicated by the measured Pt(1)-Co(1)-N(1) angle of 174.15(7)°.  This slight bend is in 
contrast to the Pt—M—Npyz angle of 180.0(3)° that the infinite chains of 25—27 exhibit.   
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Figure 4.4. Top: ORTEP of [PtCo(SAc)4(pyz)0.5]2 · CH2Cl2, 28. Bottom: Intermolecular 
contacts drawn between units of 28. Ellipsoids are drawn at the 50% level. Hydrogen 
atoms and lattice CH2Cl2 have been removed for clarity. 
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The Pt—Co distance of 2.5986(4) Å in 28 is consistent with the analogous distance in 25, 
suggesting that the Pt—M bond distance of pyrazine bridged species is largely unaffected 
by which metal is coordinated to the far end of pyrazine. The Co—N distance of 2.103(2) 
is significantly shorter than both the average Co—Npyz distance of 2.17(1) Å obtained 
from the CSD and the Co—Npyz distance of 2.155(6) in 25. This significant contraction in 
the Co—Npyz distance suggests that this bond length is influenced by any further pyrazine 
bonding. The platinum atoms at the termini of the bridged tetrametallic species form 
reciprocal short Pt…S contacts, as described in Chapter 3, and shown at the bottom of 
Figure 4.4. The short Pt(1)…S(1i) distance of 3.3232(7) Å is consistent with the 
intermolecular Pt…S contacts formed by 13—18 (Table 3.3) that also exhibit axial 
coordination of 3d metals by nitrogen-donor ligands. No short intermolecular Pt…Pt 
contacts are observed in 28 as a result of the 151.05(1)° offset angle between 
tetrametallic units. 
 Compounds 29 (Figure 4.5) and 30 (Figure 4.6) are isostructural to 28 and 
demonstrate the same structural motif of a tetrametallic unit bridged in a tail-to-tail 
manner by a molecule of pyrazine. The observed Pt—Ni distance of 2.5597(4) Å in 29 
and the Pt—Zn distance of 2.5853(3) Å in 30 are only about 0.03 Å shorter than the 
analogous distances in 26 and 27 respectively. Compounds 29 and 30 exhibit Ni—N and 
Zn—N distances of 2.057(2) and 2.109(2) Å respectively, which are shorter than the  
M—N distances of their infinitely chain analogs by about 0.04 Å. The bridged 
tetrametallic units of 29 and 30 deviate slightly from linearity much like 28, with Pt—
M—N angles of 174.96(7) and 173.94(7) Å respectively. Both 29 and 30 also form  
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Figure 4.5. Top: ORTEP of [PtNi(SAc)4(pyz)0.5]2 · CH2Cl2, 29. Bottom: Intermolecular 
contacts drawn between units of 29. Ellipsoids are drawn at the 50% level. Hydrogen 
atoms and lattice CH2Cl2 have been removed for clarity. 
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Figure 4.6. Top: ORTEP of [PtZn(SAc)4(pyz)0.5]2  · CH2Cl2, 30. Bottom: Intermolecular 
contacts drawn between units of 30. Ellipsoids are drawn at the 50% level. Hydrogen 
atoms and lattice CH2Cl2 have been removed for clarity. 
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reciprocal short intermolecular Pt…S contacts between two adjacent tetrametallic units of 
3.3278(9) and 3.2067(8) Å respectively, consistent with what was observed in the case of 
28. This suggests that these tetrametallic units behave similarly to the discrete lantern 
complexes described in detail in Chapter 3 of this thesis, and that there is a competition 
between intermolecular Pt…Pt and Pt…S interactions in the solid state. Chapter 3 has 
illustrated that while the ability to predictively determine Pt…Pt versus Pt…S interactions 
in the solid state is not yet possible, changing the electronic properties of the axial ligand 
can change the type of intermolecular interactions observed. It is then possible that 
synthesizing tetranuclear species like 28—30 with a pyrazine derivative with electron 
withdrawing substituents might engender the formation of Pt…Pt interactions as was 
observed for the substituted pyridine analogs 4—6. 
 Compound 31 was characterized crystallographically revealing a dimeric structure 
with two square planar {PtS4} environments as shown in Figure 4.7. This dimeric unit is 
structurally related to typical homometallic platinum lantern complexes in that it has two 
platinum centers in a square planar environment with the same ligand environment at the 
lantern termini, but the Hdmp– uniquely creates an internal cavity between the platinum 
centers. Alternatively, 31 could be described as an EMAC with a vacancy where a central 
metal atom would be located. However, the internal cavity of 31 is significantly larger 
than those observed in EMAC complexes as noted by the large average trans-nitrogen 
distance of 4.75(3). The longest distance between trans amidate nitrogens of the internal 
cavity of EMACs of the form [M3(dpa)4X2] (where X is any halogen and M is any 
transition metal ) as determined by a search of the CSD (N-M-N angle limited to 150 – 
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180°) is 4.266(5) Å, with a mean distance of 3.91(13) Å. An expanded search of the CSD 
to include all trans-nitrogen distances of cobalt complexes with N-Co-N angles >150° 
tells a similar story, with an average N…N separation of 4.02(2) Å, suggesting that such a 
large cavity as is observed in 31 is unsuitable for 3d metal coordination. The larger size 
of S versus N is responsible for expanding the diameter of the lantern.  
Figure 4.7. ORTEP of [Pt2(Hdmp)4] · 2 DMF, 31. Ellipsoids are drawn at the 50% level. 
Hydrogen atoms and DMF molecules have been removed for clarity. 
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The diplatinum units of 31 are relatively isolated in the crystalline phase, with no 
interactions between {Pt2} units and no hydrogen bonding interactions observed. Given 
the stoichiometry determined from crystal structure of two ligands per platinum center, 
and the 1H NMR data, each ligand is singly deprotonated (Hdmp–) to generate an overall 
neutral unit. Each Pt center has two short and two long Pt—S distances with the short 
Pt—S distances trans to the long Pt—S distances as shown in Scheme 4.7. However,  
 
there is a less significant difference between one set of short and long distances on Pt(2) 
~0.007 Å This could suggest that each Pt center is coordinated to two HS- moieties and 
two S- moieties. The Pt—S distances also suggest that two singly deprotonated ligands 
exist along with one double deprotonated ligand and another fully protonated as shown in 
Scheme 4.7. It was not possible to locate the four non-CH protons in 31 from the 
difference map and a bond distance analysis of the ligands is not able to elucidate the 
 
Scheme 4.7. Illustration of Pt-S bonding in 31 with associated distances. 
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Figure 4.8. Top: ORTEP of [Pt2(phen)2(Hdmp)2], 32. Bottom: Intermolecular contacts 
drawn between units of 32. Ellipsoids are drawn at the 50% level. Hydrogen atoms have 
been removed for clarity. 
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location of the protons. Instead, the data suggest that the non-CH protons are likely 
delocalized to some degree across the S atoms of 31 The presence of broad 1H NMR 
signals at 13.21 and 2.52 ppm, suggest that the non-CH protons are delocalized between 
the nitrogen at S atoms in solution. The S—C distances reported in the literature for the 
five crystallographically characterized compounds that employ the dmp2– ligand yield an 
average distance of 1.77(2) Å, which is slightly longer than the average S—C distance of 
1.73(1) Å from 31. 
 Complex 32 was also characterized by single-crystal X-ray diffraction to reveal a 
diplatinum open-framework cradle complex (Figure 4.8). The structure consists of two 
square planar {PtN2S2} centers bridged by two Hdmp– ligands, with each Pt center 
coordinated to one 1,10-phenanthroline ligand. Unlike in 31, the pyridyl nitrogen atoms 
are not enclosed within a cavity, but are available for further metal coordination because 
the blades of the phenanthroline ligands allow access to the central cavity. The Pt centers 
4.3371(2) Å apart allows ample space for a late 3d metal center to coordinate to the 
pyridyl nitrogen atoms. The Pt—S distances of 32 are statistically identical, with the 
largest variation being 0.004 Å (between Pt1—S1 and Pt2—S4) to give an average Pt—S 
distance of 2.284(2) Å. Similarly, there is very little variation of the Pt—N bond 
distances giving an average Pt—N distance of 2.064(8) Å. A number of short 
intermolecular contacts draw these dinuclear {Pt2} units into a zig-zag chain as shown at 
the bottom of Figure 4.8. All sulfur atoms, except S4 form short intermolecular contacts 
with a carbon atom from an adjacent phenanthroline, with the following distances (Å): 
S1…C13i, 3.467(4); S1…C14i, 3.433(4), S2…C12i 3.434(4), and S3…C29i, 3.387(3). One 
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platinum center of the dinuclear unit forms a short Pt…C contact, with the Pt2…C28i 
distance being 3.394(4) Å. 
4.3.3. Thermogravimetric Analysis. Thermogravimetric analyses were conducted on 
25—30 to determine their stability and determine if the coordinated pyrazine ligands 
could be thermally induced to vacate the axial positions of the thioacetate lantern units. 
Compound 25 undergoes a two-step mass loss beginning at 150 °C and plateauing at 154 
°C after a loss of 7.8 %, then continuing to lose another 7.2 % from 223 °C. There is no 
plateau after 223 °C and the compound begins to decompose rapidly between 223 and 
257 °C. The loss of approximately 15 % roughly corresponds to the 12.6 % mass loss 
expected by the loss of one equivalent of pyrazine, but the % weight of the second step is 
convoluted by subsequent decomposition. Neither of the mass losses corresponds to the 
loss of free pyrazine as they occur at over 35°C higher than the boiling point of pyrazine. 
It is unclear why the loss of pyrazine proceeds step-wise with half equivalent steps, but 
presumably the stoichiometry of half an equivalent of pyrazine per lantern unit is 
thermodynamically stable. Compound 26 exhibits a mass loss of 6.8 % at a temperature 
of 150°C, which corresponds to half an equivalent of pyrazine (theoretically 6.3%). 
Unlike 25, there is no subsequent loss of the remaining pyrazine, with the only other 
mass loss is associated with decomposition at 255°C. This result suggests that 
[PtNi(SAc)4(pyz)0.5], 28, is thermodynamically stable and that pyrazine cannot be 
thermally eliminated before the thioacetate-bridged metal core decomposes. The Zn-
derivative, 27, behaves similarly to 25, with two mass losses prior to a sharp 
decomposition at 257°C. Unlike 25, a second mass loss at 190°C begins prior to the 
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completion of the first mass loss beginning at 150°C. The sum of the masses lost from 
these two overlapping steps is 14.4 %, roughly equivalent to the loss of one equivalent of 
pyrazine (12.4 % theoretical loss). This mass loss is likely larger than the theoretical mass 
loss as a result of the second mass loss leading directly into the decomposition of the 
compound beginning at 232°C. 
Compound 28 undergoes a gradual loss of 4.1 % from 50—210°C that is not 
associated with any discrete loss of ligand, followed by a sharp decomposition at 250°C. 
Compound 29, is stable until high temperatures, with only a decomposition noted at 
238°C. Interestingly, it appears that 30 discretely liberates an equivalent of pyrazine at 
180°C with a mass loss of 7.4 % (6.7 %) prior to decomposition at 257°C. Like in the 
case of the monopyrazine derivatives, the mass loss is likely elevated as the result of slow 
decomposition that begins at 201°C. These data suggest that is more difficult to thermally 
liberate the bridging pyrazine molecule from 28—30 than it is to remove monodentate 
axial ligands. 
4.3.4. Electronic Structure. As noted in the synthetic section above, upon dissolution in 
neat solvent some of the coordinated pyrazine of 25—27 dissociates in solution and 25—
27 and 28—30 exist in equilibrium with 7—9 as shown in Scheme 4.5. Addition of one 
additional equivalent of pyrazine to solution was shown to force the equilibrium towards 
25—27. Absorption spectra for 25—27 were recorded in neat CH2Cl2 and with the 
addition of excess pyrazine, but there was no shift of any of the observed features, 
suggesting that there is little to no distinguishable spectroscopic signature between 25/28, 
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26/29, or 27/30. The representative spectra of 25 and 26 are shown in Figure 4.9. Ligand-
to-metal charge transfer bands in the UV region of 262, 256, and 262 nm are observed for 
25—27 respectively and as discussed in Chapter 2, are likely the result of a S to Pt 
transition as similar features are observed in the related dithiocarboxylate complex 
[Pt2(S2CCH3)4] at 263 and 265 nm.167 Interestingly, 30 showed no dissociation of 
pyrazine in solution via 1H NMR and thus the spectra of 28—30 were recorded in neat 
CH2Cl2. These bridged species also exhibited ligand-to-metal charge transfer bands in the 
UV region of 262, 263, and 268 nm for 28—30 respectively that can be assigned to the 
same S to Pt transition.. Cobalt-containing complexes 25 and 28 each have three 
characteristic absorbances in the visible region with those of 25 observed at 484, 520, and 
581 nm, consistent with thioacetate {PtCo} heterobimetallic lantern complexes.151 There 
 
Figure 4.9. Visible-NIR spectrum of 25 and 26 in CH2Cl2. 
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is also a weak shoulder noted at 393 nm for 25. These MLCT bands are identical in 28, 
with no shift larger than 2 nm except for a more pronounced shoulder feature observed at 
347 nm. Three primary absorption features are observed for the Ni-containing species, 
26, observed at 496, 683, and 819 nm. Only two of these MLCT bands are evident in the 
spectrum of 29 as the result of an over 10-fold decrease in solubility and a poor signal-to-
noise ratio as compared to 26, with the only visible absorption features noted at 463 and 
660 nm. Compounds 25 and 26 and their bridged derivatives 28 and 29 all exhibit weak 
NIR absorptions in solution that are attributed to a weak intermetallic d—d transition as 
shown in Table 4.3.101,151 It is proposed that, like the complexes described in Chapter 2 
and 3, this feature is the result of a spin and parity forbidden transition of electrons 
resident in the Pt—M σ* orbital to the Pt-based dx2-y2 orbital. Unsurprisingly, the Zn-
derivatives, 27 and 30, exhibit no visible or NIR spectral features.  
Without the addition of 3d metals or intermetallic interactions 31 and 32 are only 
weakly colored. Complex 31 exhibits an absorption feature at 283 nm in the UV region 
that is similar in intensity and energy to the transition observed at 274 nm of 32. This 
makes it reasonable to attribute these transition to a dmp based feature, perhaps a π to π* 
transition. Alternatively, these features could be LMCT bands resulting from a S to Pt 
transition, which could account for the slight shift in energy of this transition from 31 to 
32. Two weaker absorption features are present in the visible range of 31 at 425 and a 
shoulder at 452 nm. The absorption at 425 nm likely also originates from the dmp ligand, 
as slightly blue shifted analogous features is evident in the spectrum of 32 at 418 nm. 
Complex 32 exhibits one LMCT band at 274 nm and a weaker MLCT band at 418 nm. 
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Interestingly, no distinct absorption features associated with 1,10-phenanthroline are 
identifiable in the spectrum of 32. 
4.3.5. Magnetic Properties. The Evans method solution phase susceptibility values of 
4.83 (25) and 3.07 µB (26) are consistent with monomeric {PtM} lanterns in solution in 
which high spin first-row transition metal centers are bound to the oxygen donor atoms of 
the thiocarboxylate moieties in pseudo-octahedral coordination geometries. In order to 
minimize any contributions (or loss due to poor solubility) of the tail-to-tail bridged 
species that has been observed to form in solution, a slight excess of pyrazine (4.51 
equivalents for 25 and 1.79 for 26) was dissolved in the CD2Cl2 prior to dissolution of the 
compound to be analyzed. The diamagnetism of the added pyrazine was accounted for 
using Pascal’s constants.157 The solution phase susceptibilities values of 9.35 (28) and 
6.29 µB (29) are consistent with two uncoupled high spin first-row transition metals with 
an {MO4N} coordination environment in a pseudo-octahedral geometry, giving values of 
4.68 µB per Co(II) center and 3.14 µB per Ni(II) center. The solution-phase susceptibility 
values for 28 and 29 are effectively double the values that were found for 25 and 26, 
which is consistent with having two paramagnetic centers, but also suggests that at least 
in solution at room temperature there is no antiferromagnetic coupling observed for either 
the monomeric or bridged species. 
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 Solid-state variable temperature magnetic susceptibility data for 25 and 28 are 
shown in Figure 4.10. Variable temperature magnetic susceptibility data for 26 and 29 are 
shown in Figure 4.11. At 300 K the magnetic susceptibilities for 25 and 26 are consistent 
with the solution phase measurements, indicating magnetically isolated high spin first-
row transition metals, with χMT products of 2.22 and 1.19 emu · K · mol-1 (µeff = 4.22 and 
3.08 µB) for 25 and 26 respectively. The χMT product of 2.22 emu · K · mol-1 for 26 is 
slightly higher than the expected value of 1.875 emu · K · mol-1 for an isolated Co(II) 
center with g = 2 and S = 3/2, but this is consistent with spin-orbit coupling contributions 
to the magnetic susceptibility. The χMT value for 26 is close to the expected spin-only 
value for a high spin Ni(II) S = 1 center (1.00 emu · K · mol-1).  At 300 K the χMT 
product of 5.91 emu · K · mol-1 (6.87 µB) for 28 is higher than what would be expected 
 
Figure 4.10. Variable temperature magnetic susceptibility for cobalt thioacetate lantern 
complexes, [PtCo(SAc)4(pyz)], 25 ( Red circles) and [PtCo(SAc)4(pyz)0.5]2 28 (Black 
squares), measured in a 1000 Oe field. 
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for two magnetically isolated S = 3/2 Co(II) centers with g = 2 (3.75 emu K mol-1) with 
substantial spin orbit-coupling and unquenched orbital contributions to the magnetic 
susceptibilities that is common among cobalt species.101,151 The χMT product of 2.841 
emu · K · mol-1 (6.87 µB) for 29 at 300 K is consistent with what is expected for two 
uncoupled Ni(II) S = 1 Ni(II) centers with g = 2 (2.00 emu · K · mol-1). It has not yet 
been possible to generate an appropriate theoretical fit for the infinite chain complexes 25 
and 26. However, it is clear from attempts to fit the variable temperature susceptibility 
data for these complexes that they do not behave as simple monomeric species like 11, 14 
and 17. This is promising in that it suggests that while difficult to model, these complexes 
exhibit some form of magnetic communication that convolute data analysis and require 
 
Figure 4.11. Variable temperature magnetic susceptibility for nickel thioacetate lantern 
complexes, [PtNi(SAc)4(pyz)], 26 (Red circles) and [PtNi(SAc)4(pyz)0.5]2 29 (Black 
squares), measured in a 1000 Oe field. The best fit obtained from julX for 29 is presented 
as a solid line. 
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more sophisticated methods for handling coupling in extended structures. The absence of 
any significant intermolecular contacts in the crystal structures of 25 and 26 suggest that 
any magnetic communication is likely the result of Pt—pyz and M(3d)—pyz interactions. 
 The variable temperature susceptibility data for 28 and 29 present a more clear 
depiction of magnetic coupling between paramagnetic 3d metal centers. There is an 
obvious downturn of the χMT product as the temperature decreases from 300 K to 2 K. 
Unlike, what is observed for the previously discussed species that exhibit Pt…S and S…S 
contacts (10, 11, 13, 14, 15 16, 19 and 20), this downturn does not take place only at low 
temperature, but instead there is a steady decrease of the χMT spanning the whole gamut 
of measured temperatures. This suggests that there is antiferromagnetic coupling between 
the high spin 3d metal centers to afford a S = 0 ground state at low temperatures. As was 
the case with the Co-derivatives discussed in Chapter 3 it was not possible to generate a 
theoretical fit for 28 as the result of the inability to properly account for spin-orbit 
coupling. However, it was possible to generate a reasonable fit for magnetic susceptibility 
of 29 and the best fit is shown as a solid line in Figure 4.11. A good fit is obtained by 
refining J (coupling constant), g (Landé factor) and TIP (Temperature Independent 
Paramagnetism) for two S = 1 centers to give the values  
J = -7.1 cm-1, g1 = 2.1, g2 = 2.1, and a TIP of 2520 emu K mol-1 that give a reasonable 
value for f of 0.00277. The refined value for the TIP is larger than expected for Ni(II), but 
is consistent with what is observed for the thiobenzoate-derivatives previously 
reported.101 Interestingly, the value of the coupling constant determined for 28 (-7.1 cm-1) 
is significantly weaker than what is observed for the 2 (-50.8 cm-1) and 5 (-12.6 cm-1), 
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which both exhibit antiferromagnetic coupling of high spin Ni(II) centers through Pt…Pt 
interactions. 
4.4. Conclusions. The synthesis and thorough structural, spectroscopic, and magnetic 
characterization of tetranuclear and polynuclear extended structures assembled from 
platinum-containing heterobimetallic lantern complexes and pyrazine are reported. It was 
found that thioacetate supported heterobimetallic lantern complexes are a suitable 
building block for generating extended coordination polymers with pyrazine linker 
molecules. The complexes reported are the only examples of pyrazine bridged 
heterobimetallic lantern complexes that form extended structures. The tetranuclear 
pyrazine bridged chains are the only examples of structurally characterized dimers 
formed by a pyrazine bridge with the exception of the mixed valence [Ru2(chp)4]2(pyz)+ 
species prepared by Cotton et al.205 These dinuclear complexes of the form 
[PtM(SAc)4(pyz)0.5]2 (M = Co, Ni, Zn) pose an interesting starting platform for probing 
electron transfer between linked heterobimetallic complexes. The infinite chains of 
pyrazine linked dimers present a promising test-bed for conductivity measurements of 
extended 1D heterobimetallic lantern complexes. The synthesis and characterization of 
the expanded framework complexes, [Pt2(Hdmp)4] and [Pt2(phen)2(Hdmp)2], constitute a 
new family of compounds that have the potential to form metallophilic interactions to 
form 1D structures, while maintaining a disparate binding site for the selective binding of 
3d metals. 
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Table 4.1. Continued. 
Compound 30 31 32 
formula C22H28Cl4D4N2O8Pt2S8Zn2 C29H33N6O2Pt2S8 C34H22N6Pt2S4 
fw 1375.72 1144.27 1033.00 
cryst syst triclinic triclinic monoclinic 
space group P-1 P-1 C2/c 
a, Å 8.1353(3) 9.6760(18) 28.6480(8) 
b, Å 11.3785(5) 12.292(2) 15.6580(4) 
c, Å 12.1686(5) 17.403(3) 17.6256(5) 
α, deg 70.3690(10) 76.593(2) 90 
β, deg 78.0420(10) 76.428(2) 107.960(1) 
γ, deg 72.4320(10) 71.904(3) 90 
V, Å3 1004.42(7) 1884.0(6) 7521.1(4) 
Z 1 2 8 
ρ(calcd), g cm-3 2.274 2.017 1.825 
µ, mm-1 8.847 (Mo Kα)  7.897 (Mo Kα) 16.04 (Cu Kα) 
Temp, K 100(2) 100(2) 100 
R(F), %a 2.20 3.05 2.48 
R(ωF2), %b 5.54 6.60 6.24 
a R = ∑||Fo| – |Fc||/∑|Fo| b R(ωF2) = {∑ [ω(Fo2 – Fc2)2]}/{∑ [ω(Fo2)2]}1/2; 
 ω = 1/[σ2(Fo2) + (aP)2 + bP] with a and b given in CIF, P = [2Fc2 + max(Fo,0)]/3 
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Table 4.2. Selected interatomic distances and angles for 25—32. 
 
Compound  Distance (Å)  Angle (deg) 
25 Pt1-S1  2.3333(12) S2-Pt1-S2i 178.42(11) 
 Pt1-S2 2.3165(11) S2-Pt1-S1 89.96(4) 
 Co1-O1  2.059(3) S2i-Pt1-S1 90.09(4) 
 Co1-O2  2.117(3) S2-Pt1-S1i 90.09(4) 
 Pt1-Co1  2.5882(19) S2i-Pt1-S1i 89.96(4) 
 Co1-N1  2.154(7) S1-Pt1-S1i 176.80(11) 
 S1-C1  1.715(6) O1i-Co1-O1 177.6(2) 
 S2-C3  1.712(5) O1i-Co1-O2i 88.93(12) 
 O1-C1  1.223(6) O1-Co1-O2i 91.11(12) 
 O2-C3  1.244(6) O1i-Co1-O2 91.11(12) 
 Pt1…N2 2.65(1) O1-Co1-O2 88.93(12) 
   O2i-Co1-O2 178.1(2) 
   N1-Co1-Pt1 180.000(1) 
   N2-Pt1-Co1 180.0(3) 
26 Pt1-S1  2.3104(19) S1i-Pt1-S1 178.8(2) 
 Pt1-S2  2.325(3) S1i-Pt1-S2i 90.17(7) 
 Ni1-O1  2.030(5) S1-Pt1-S2i 89.88(7) 
 Ni1-O2  2.084(5) S1i-Pt1-S2 89.88(7) 
 Pt1-Ni1  2.539(3) S1-Pt1-S2 90.17(7) 
 Ni1-N1  2.061(11) S2i-Pt1-S2 175.3(3) 
 S1-C1  1.688(9) O1i-Ni1-O2i 88.6(2) 
 S2-C3  1.723(12) O1-Ni1-O2i 91.4(2) 
 O1-C3  1.181(12) O1i-Ni1-O2 91.4(2) 
 O2-C1  1.251(10) O1-Ni1-O2 88.6(2) 
 Pt1…N2 2.68(2) O2i-Ni1-O2 178.5(4) 
   O1-Ni1-O1i 175.6(3) 
   N1-Ni1-Pt1 180.0(3) 
   N2-Pt1-Ni1 180.0(4) 
27 Pt1-S1  2.3351(12) S2-Pt1-S2i 178.74(12) 
 Pt1-S2 2.3189(10) S2-Pt1-S1 89.91(4) 
 Zn1-O1  2.089(3) S2i-Pt1-S1 90.13(4) 
 Zn1-O2  2.159(3) S2-Pt1-S1i 90.13(4) 
 Pt1-Zn1  2.542(2) S2i-Pt1-S1i 89.92(4) 
 Zn1-N1  2.152(7) S1-Pt1-S1i 175.51(12) 
 S1-C1  1.713(6) O1-Zn1-O1i 174.0(2) 
 S2-C3  1.708(5) O1-Zn1-O2 88.91(12) 
 O1-C1  1.218(6) O1i-Zn1-O2 91.02(12) 
 O2-C3  1.256(6) O1-Zn1-O2i 91.02(12) 
 Pt1…N2 2.64(2) O1i-Zn1-O2i 88.91(12) 
   O2-Zn1-O2i 178.6(2) 
   N1-Zn1-Pt1 180.000(1) 
   N2-Pt1-Zn1 180.0(4) 
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Table 4.2. Continued. 
Compound  Distance (Å)  Angle (deg) 
28 Pt1-S1  2.3269(7) S3-Pt1-S4 89.75(3) 
 Pt1-S2  2.3286(7) S3-Pt1-S1 178.49(2) 
 Pt1-S3  2.3218(7) S4-Pt1-S1 90.75(3) 
 Pt1-S4  2.3237(7) S3-Pt1-S2 88.70(3) 
 Co1-O1  2.0607(19) S4-Pt1-S2 178.05(3) 
 Co1-O2  2.0515(19) S1-Pt1-S2 90.77(3) 
 Co1-O3  2.0746(19) O4-Co1-O2 176.18(8) 
 Co1-O4  2.0506(19) O4-Co1-O1 91.70(8) 
 Pt1-Co1  2.5986(4) O2-Co1-O1 91.56(8) 
 Co1-N1  2.103(2) O4-Co1-O3 87.40(8) 
 S1-C1  1.729(3) O2-Co1-O3 89.28(8) 
 S2-C3  1.729(3) O1-Co1-O3 178.16(8) 
 S3-C5  1.719(3) N1-Co1-Pt1 174.16(6) 
 S4-C7  1.718(3) Co1-Pt1-Pt1i 151.05(1) 
 O1-C1  1.239(3)   
 O2-C3  1.242(3)   
 O3-C5  1.258(3)   
 O4-C7  1.245(3)   
 Pt1…S1i 3.3232(7)   
29 Pt1-S1  2.3226(8) S1-Pt1-S2 89.79(3) 
 Pt1-S2  2.3244(8) S1-Pt1-S3 178.25(3) 
 Pt1-S3  2.3288(8) S2-Pt1-S3 90.66(3) 
 Pt1-S4  2.3302(9) S1-Pt1-S4 88.88(3) 
 Ni1-O4  2.020(2) S2-Pt1-S4 178.08(3) 
 Ni1-O2  2.028(2) S3-Pt1-S4 90.63(3) 
 Ni1-O3  2.034(2) O4-Ni1-O2 176.84(9) 
 Ni1-O1 2.048(2) O4-Ni1-O3 91.57(9) 
 Pt1-Ni1  2.5597(4) O2-Ni1-O3 91.58(9) 
 Ni1-N1  2.057(3) O4-Ni1-O1 89.56(9) 
 S1-C1  1.725(3) O2-Ni1-O1 87.29(9) 
 S2-C3  1.716(3) O3-Ni1-O1 178.86(9) 
 S3-C5  1.722(3) N1-Ni1-Pt1 174.96(7) 
 S4-C7  1.730(3) Ni1-Pt1-Pt1i 151.90(1) 
 O1-C1  1.245(4)   
 O2-C3  1.250(4)   
 O3-C5  1.243(4)   
 O4-C7  1.242(4)   
 Pt1…S3i 3.3278(9)   
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Table 4.2. Continued. 
Compound  Distance (Å)  Angle (deg) 
30 Pt1-S3  2.3227(8) S3-Pt1-S2 90.06(3) 
 Pt1-S2  2.3242(8) S3-Pt1-S1 178.70(2) 
 Pt1-S1  2.3264(8) S2-Pt1-S1 90.65(3) 
 Pt1-S4  2.3298(8) S3-Pt1-S4 88.92(3) 
 Zn1-O2  2.073(2) S2-Pt1-S4 178.57(3) 
 Zn1-O4  2.081(2) S1-Pt1-S4 90.35(3) 
 Zn1-O1  2.093(2) O2-Zn1-O4 175.80(8) 
 Zn1-O3  2.112(2) O2-Zn1-O1 92.52(9) 
 Pt1-Zn1  2.5854(3) O4-Zn1-O1 91.37(8) 
 Zn1-N1  2.109(2) O2-Zn1-O3 87.16(9) 
 S1-C1  1.724(3) O4-Zn1-O3 88.90(9) 
 S2-C3  1.717(3) O1-Zn1-O3 178.25(8) 
 S3-C5  1.717(3) N1-Zn1-Pt1 173.95(7) 
 S4-C7  1.725(3) Zn1-Pt1-Pt1i 145.27(1) 
 O1-C1  1.245(4)   
 O2-C3  1.243(4)   
 O3-C5  1.251(4)   
 O4-C7  1.247(4)   
 Pt1…S1i 3.2067(8)   
 S4…S1i 3.584(1)   
31 S1-Pt1  2.3408(12) S8-Pt1-S4 90.57(4) 
 S2-Pt2  2.3262(12) S8-Pt1-S5 173.34(4) 
 S3-Pt2  2.3192(13) S4-Pt1-S5 88.71(4) 
 S4-Pt1  2.3161(12) S8-Pt1-S1 89.60(4) 
 S5-Pt1  2.3243(12) S4-Pt1-S1 173.39(4) 
 S6-Pt2  2.3143(12) S5-Pt1-S1 90.35(4) 
 S7-Pt2  2.3340(12) S6-Pt2-S3 89.62(4) 
 S8-Pt1  2.3116(12) S6-Pt2-S2 90.52(4) 
 C1-S1 1.723(5) S3-Pt2-S2 173.18(5) 
 C5-S2  1.732(5) S6-Pt2-S7 173.33(5) 
 C6-S3  1.758(5) S3-Pt2-S7 89.31(4) 
 C10-S4  1.739(5) S2-Pt2-S7 89.77(4) 
 C11-S5 1.753(5)   
 C15-S6  1.722(5)   
 C16-S7  1.725(5)   
 C20-S8  1.726(5)   
 Pt1…Pt2 4.6909(7)   
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Table 4.2. Continued. 
Compound  Distance (Å)  Angle (deg) 
32 Pt1-N5 2.066 (3) N5-Pt1-N6 80.54 (13) 
 Pt1-N6 2.074 (3) N5-Pt1-S1 174.70 (10) 
 Pt1-S1 2.2809 (10) N6-Pt1-S1 94.92 (9) 
 Pt1-S2 2.2839 (10) N5-Pt1-S2 96.44 (10) 
 Pt2-N4 2.055 (3) N6-Pt1-S2 173.78 (9) 
 Pt2-N3 2.060 (3) S1-Pt1-S2 87.81 (4) 
 Pt2-S3 2.2844 (9) N4-Pt2-N3 80.48 (12) 
 Pt2-S4 2.2847 (10) N4-Pt2-S3 174.89 (9) 
 S1-C1 1.745 (4) N3-Pt2-S3 95.27 (9) 
 S4-C5 1.730 (4) N4-Pt2-S4 96.11 (9) 
 S3-C10 1.747 (4) N3-Pt2-S4 173.43 (8) 
 S2-C6 1.767 (4) S3-Pt2-S4 87.84 (3) 
 Pt1…Pt2 4.3371(2)   
 S1…C13i 3.467(4)   
 S1…C14i 3.433(4)   
 S2…C12i 3.434(4)   
 S3…C29i 3.387(3)   
 Pt2…C28i 3.394(4)   
 
Table 4.3. NIR absorption features of 25, 26, 28, and 29. 
Compound λ, Near-IR (nm) Abs. (cm-1, M-1) 
[PtCo(SAc)4(pyz)], 25 1269 3 
[PtNi(SAc)4(pyz)], 26 1158 12 
[PtCo(SAc)4(pyz)0.5]2, 28 1162 16 
[PtNi(SAc)4(pyz)0.5]2, 29 1219 7 
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Chapter 5 
HYDROTHERMAL SYNTHESIS OF FERRITE SPINEL 
NANOPARTICLES  
STABILIZED WITH RICINOLEIC ACID  
  
208		
	
5.1. Introduction. As discussed in Chapter 1 there has long been an interest in magnetic 
ferrite spinels because of their applications in data storage,103 contrast enhancement in 
MRI,106-108 and hyperthermia based cancer therapies.104,105 Traditional synthetic 
methodologies for the preparation of monodisperse ferrite spinels use an organic phase 
reaction because nanoparticles so prepared are typically of higher quality than those 
prepared from aqueous solutions.215 The surfactant used to cap and stabilize nanoparticles 
generated in organic solvents is classically oleic acid, cis-CH3(CH2)7—
CH=CH(CH2)7COOH, a C18 fatty acid whose double bond results in a kink in the chain. 
This kink has been postulated as the reason oleic acid so readily stabilizes nanoparticles 
and prevents aggregation.216 This hypothesis is supported by the fact that to date fully 
reduced stearic acid, CH3(CH2)16COOH, has not been demonstrated to stabilize 
nanoparticles.217,218 There are, however, several drawbacks of nanoparticles coated with 
oleic acid. Particles coated in oleic acid cannot be dispersed in polar organic media with a 
dielectric constant, εr, larger than five.219 Post synthetic modification of oleic-acid-coated 
nanoparticles is also limited, except for ligand exchange, because the chain lacks any 
reactive functional groups that could be readily modified. 
 Ricinoleic acid, another C18 fatty acid that is almost isostructural with oleic acid 
differs by having a hydroxyl group in position 12 of the organic tail. Ricinoleic acid has 
been shown to stabilize nanoparticles against aggregation.216,220 The hydroxyl moiety 
allows nanoparticles coated in ricinoleic acid to form stable colloids of relatively high 
concentration in more polar organic solvents, with weight fractions in excess of 0.3 in 
solvents with dielectric constants up to 9.8.216 It has also been shown that ricinoleic-acid-
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coated nanoparticles can undergo post-synthetic modification by exploiting the reactivity 
of the hydroxyl group to functionalize the coating of the nanoparticles.220 Despite the 
promise shown by ricinoleic-acid-coated nanoparticles, no synthetic method exists in the 
literature that directly prepares high quality ricinoleic-acid-coated particles. Current 
methods either involve the preparation of oleic-acid-coated nanoparticles followed by a 
ligand exchange reaction,220 or the direct synthesis of monodisperse, but irregular, 
aspherical particles.216 Here monodispersity is defined as particles that have a narrow size 
distribution that is less than approximately 15 %. Because many of the interesting 
physical properties of nanoparticle are intrinsically tied to their size, creating spherical, 
monodisperse particles is of primary importance. In this Chapter a facile synthetic 
method is described for the direct preparation of ricinoleic-acid-coated ferrite spinels of 
the form MFe2O4 (M = Mn, Co, Ni, Zn) using a hydrothermal method.  
 
5.2. Experimental Section. 
5.2.1 General Information. All reagents were obtained commercially and used without 
further purification. Elemental composition data were collected with an energy dispersive 
X-ray spectrometer (EDX) attachment on a JEOL JSM-6100 scanning electron 
microscope (SEM). Transmission electron microscope (TEM) images were recorded with 
a JEOL JEM-2010. A sample size of 100—200 particles was manually counted and 
measured and used to determine the distribution of particles sizes as determined by TEM. 
Dynamic light scattering measurements were collected with the use of a Brookhaven 
90plus Nano-particle Sizer. All hydrothermal syntheses were carried out in a 
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CascadeTEK TFO-1 forced air oven. Size deviations were extracted from DLS data by 
employing a weighted mean calculated based on the number of particles of each size in a 
given set of distribution data. 
5.2.2. Synthetic Procedures. MnFe2O4 · RA, 33. Portions of FeCl3 · 6 H2O (173 mg, 
0.641 mmol) and MnCl2 · 4 H2O (63 mg, 0.320 mmol) were dissolved together in 3.0 mL 
of deionized (DI) water. While rapidly stirring, a concentrated solution of NH4OH was 
added dropwise until a pH of 9 was obtained, resulting in substantial brown precipitate. 
The reaction mixture was stirred continuously for 2 h, at which point 3.0 mL of toluene 
and a portion of ricinoleic acid (1.00 mL, 3.12 mmol) were added to the reaction mixture. 
The entire reaction mixture was then transferred into a PTFE-lined steel autoclave and 
sealed, and heated in a programmable oven. The temperature profile executed consisted 
of a 2 h ramp to reach a maximum temperature of 198 °C, soak for 8 h (temperature 
maintained at 198 °C for 8 h), then cooling to room temperature naturally over the course 
of approximately 3 h. Upon cooling, a biphasic mixture was obtained, with a darkly 
colored organic phase and a yellow-orange aqueous phase containing an insoluble orange 
solid. The presence of this insoluble solid suggests incomplete formation of nanoparticles 
and poorly optimized reaction conditions. The aqueous phase was discarded and the 
organic phase was filtered prior to being concentrated via evaporation until less than one 
mL of toluene remained. The nanoparticles were then forced from suspension by adding 
copious acetone, magnetically separated and washed several times with acetone to 
remove any starting materials or excess surfactant before finally being redispersed in 
toluene. The elemental composition of the metals in the nanoparticles was confirmed 
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with EDX. The size of the inorganic core (8.0 ± 2.1 nm) was determined by TEM and the 
size of the particles in a toluene suspension (14.7 ± 2.7 nm) was measured via DLS. 
CoFe2O4 · RA, 34. Portions of Fe(NO3)3 · 9 H2O (259 mg, 0.61 mmol) and 
Co(NO3)2 · 6 H2O (93 mg, 0.320 mmol) were dissolved together in 3.0 mL of DI water. 
While rapidly stirring, a concentrated solution of NH4OH was added dropwise until a pH 
of 9 was obtained, resulting in substantial brown precipitate. The reaction mixture was 
stirred continuously for 2 h, at which point 3.0 mL of toluene and a portion of ricinoleic 
acid (1.00 mL, 3.12 mmol) were added to the reaction mixture. The entire reaction 
mixture was then transferred into a PTFE-lined steel autoclave and sealed, and heated in 
a programmable oven. The temperature profile executed consisted of a 2 h ramp to reach 
a maximum temperature of 198 °C, a soak for 10 h, then cooling to room temperature 
naturally over the course of about 3 h. Upon cooling, a biphasic mixture was obtained, 
with a darkly colored organic phase and a colorless aqueous phase. The aqueous phase 
was discarded and the organic phase was concentrated via evaporation until less than one 
mL of toluene remained. The nanoparticles were then forced from suspension by adding 
copious acetone, magnetically separated, and washed several times with acetone to 
remove any starting materials or excess surfactant before finally being redispersed in 
toluene. The metal composition of the nanoparticles was confirmed with EDX. The size 
of the inorganic core (7.1 ± 1.3 nm) was determined by TEM and the size of the particles 
in a toluene suspension (15.6 ± 2.2 nm) was measured via DLS. 
NiFe2O4 · RA, 35. Portions of Fe(NO3)3 · 9 H2O (259 mg, 0.641 mmol) and 
Ni(NO3)2 · 6 H2O (93 mg, 0.320 mmol) were dissolved together in 3.0 mL of DI water. 
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While rapidly stirring, a concentrated solution of NH4OH was added dropwise until a pH 
of 9 was obtained, resulting in substantial brown precipitate. The reaction mixture was 
stirred continuously for 2 h, at which point 3.0 mL of toluene and a portion of ricinoleic 
acid (1.00 mL, 3.12 mmol) were added to the reaction mixture. The entire reaction 
mixture was then transferred into a PTFE-lined steel autoclave and sealed, and heated in 
a programmable oven. The temperature profile executed consisted of a 2 h ramp to reach 
a maximum temperature of 198 °C a soak for 10 h, and then cooling to room temperature 
naturally over the course of about 3 h. Upon cooling, a biphasic mixture was obtained, 
with a darkly colored organic phase and a nearly colorless aqueous phase. The aqueous 
phase was discarded and the organic phase was concentrated via evaporation until less 
than one mL of toluene remained. The nanoparticles were then forced from suspension by 
adding copious acetone, magnetically separated and washed several times with acetone to 
remove any starting materials or excess surfactant before finally being redispersed in 
toluene. The metal composition of the nanoparticles was confirmed with EDX. The size 
of the inorganic core (6.2 ± 1.2 nm) was determined by TEM and the size of the particles 
in a toluene suspension (20.4 ± 2.5 nm) was measured via DLS. 
ZnFe2O4 · RA, 36. Portions of FeCl3 · 6 H2O (173 mg, 0.641 mmol) and ZnCl2 
(44 mg, 0.320 mmol) were dissolved together in 3.0 mL of DI water. While rapidly 
stirring, a concentrated solution of NH4OH was added dropwise until a pH of 9 was 
obtained, resulting in substantial brown precipitate. The reaction mixture was stirred 
continuously for 2 h, at which point 3.0 mL of toluene and a portion of ricinoleic acid 
(1.00 mL, 3.12 mmol) were added to the reaction mixture. The entire reaction mixture 
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was then transferred into a PTFE-lined steel autoclave and sealed, and heated in a 
programmable oven. The temperature profile executed consisted of a 2 h ramp to reach a 
maximum temperature of 198 °C. This maximum temperature was maintained for 10 h, at 
which point the oven was turned off and the autoclave allowed to reach room temperature 
via natural cooling over the course of about 3 h. Upon cooling, a biphasic mixture was 
obtained, with a darkly colored organic phase and a yellow-orange aqueous phase that 
contained a substantial amount of insoluble orange solid suggesting poorly optimized 
conditions for the formation of ZnFe2O4 · RA. The aqueous phase and insoluble solid 
was discarded and the organic phase was filtered prior to being concentrated via 
evaporation until less than one mL of toluene remained. The nanoparticles were then 
forced from suspension by adding copious acetone. The resultant solid was then 
magnetically separated and washed several times with acetone to remove any starting 
materials or excess surfactant before finally being redispersed in toluene. The elemental 
composition of the nanoparticles was confirmed with EDX. The size of the inorganic core 
(6.7 ± 0.9 nm) was determined by TEM and the size of the particles in a toluene 
suspension (16.1 ± 2.0 nm) was measured via DLS.  
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Scheme 5.1. Top: Synthesis of MFe2O4 · RA nanoparticles. Bottom: Hydrothermal 
Synthesis Temperature Profile. 
 
 
Table 5.1. Ferrite Spinel Nanoparticle Diameters. 
Compound TEM (core, nm) DLS (hydrodynamic, nm) 
MnFe2O4, 33 8.0 ± 2.1 14.7 ± 2.7 
CoFe2O4, 34 7.1 ± 1.3 15.6 ± 2.2 
NiFe2O4, 35 6.2 ± 1.2 20.4 ± 2.5 
ZnFe2O4, 36 6.7 ± 0.9 16.1 ± 2.0 
 
5.3. Results and Discussion. 
5.3.1. Syntheses. A facile hydrothermal synthesis for the preparation of ferrite spinel 
nanoparticles of the form MFe2O4 · RA (M = Mn, 33; Co, 34; Ni, 35; Zn, 36) has been 
developed as shown in Scheme 5.1, top. A precursor mixture of metal oxides and 
hydroxides in the stoichiometry 2 FeIII to MII is formed by increasing the pH to 9 with 
NH3(aq) of a FeIII and MII nitrate solution resulting in a dark precipitate. An aqueous 
slurry of the spinel ferrite precursor material is combined with an organic mixture of 
1  M2+ Source + 2 Fe3+ Source
H2O
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"MFeOx(OH)y"
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toluene and ricinoleic acid. This biphasic mixture is sealed in a PTFE-lined autoclave and 
heated to 198 °C, resulting in a very high autogenic pressure (approaching 100 
bar),221and raising the boiling point of the solvent mixture.143 Hydrothermal conditions, 
like those generated by the temperature profile shown at the bottom of Scheme 5.1, 
allows the components of the initial biphasic mixture to readily diffuse into each other,142 
mixing the inorganic precursor and the ricinoleic acid. The ricinoleic acid reacts with the 
inorganic precursor to form a ricinoleate complex that decomposes at high temperatures, 
as has been proposed for the analogous formation of oleate capped nanoparticles.142 
Figure 5.1. TEM Micrographs of prepared MFe2O4 nanoparticles, 33—36. 
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Upon cooling to room temperature, the organic phase and aqueous phase form a biphasic 
mixture, isolating the nanoparticles in the organic phase, and making separation from the 
inorganic precursors that remain in the aqueous layer trivial. Increasing the polarity of the 
organic phase by adding a more polar solvent like acetone forces the particles to 
aggregate and precipitate from solution allowing then to be easily collected with a hard 
magnet. The particles can be washed with acetone to remove any excess ricinoleic acid 
Figure 5.2. Size distribution data obtained from TEM Micrographs of 33—36 at pH 9. 
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and are readily redispersed in toluene. When prepared using standard conditions (pH = 9, 
reaction time 10 h, 4.9RA:2Fe:1M) nanoparticles of the form MFe2O4 · RA (M = Mn, 33; 
Co, 34; Ni, 35; Zn, 36) are generated that range in size from 14.7 to 20.4 nm as 
determined by DLS and shown in Table 5.1. Micrographs were recorded with a TEM 
(Figure 5.1) and show highly uniform spherical cores. The core sizes as determined by 
TEM for 33—36 are also presented in Table 5.1. The TEM micrographs (Figure 5.2) and 
DLS data indicate that these particles have a narrow size distribution. Additionally, the 
TEM micrographs indicate that the particles generated using this hydrothermal method 
are regular and spherical unlike those previously216 prepared ricinoleic acid coated 
nanoparticles. This regularity is the result of the high temperature and autogenous 
pressures that are possible when employing a hydrothermal synthesis.124 It is unclear why 
at a pH 9 nanoparticles of 35 are significantly larger than 33, 34, and 36 by DLS, but are 
consistent with the sizes of 33, 34, and 36 by TEM. This may be the result of adsorption 
of more RA during the synthesis, which would impact the hydrodynamic radius recorded 
by DLS, but not the inorganic core size measured by TEM. 
 The TEM micrographs indicate only the inorganic core size while the increased 
size determined by DLS includes the ricinoleic acid coating.222 Because DLS measures 
particles sizes in a dispersion, the size obtained from DLS is termed a hydrodynamic 
radius. This size includes both the ricinoleic acid as well as the solvent sphere around the 
particles being measured, whereas TEM only measures the size of the inorganic core.222 
The hydrodynamic radii of 33, 34, and 36 are consistent with the size of the particles 
obtained from TEM with the addition of the organic surfactant and the associated 
218		
	
solvation shell.222 It still remains unclear why the hydrodynamic radius of 35 is larger 
than the rest of the prepared ferrite spinels, vide supra.  
 
5.3.2. Determination of pH Dependence. Hydrothermal reactions can be dependent on  
the precursor mixture pH, and pH can have an impact on the quality of materials 
generated.120,125 The syntheses of the Co- and Ni- ferrites were investigated across a pH 
range of about 7 to 12 to determine the role, if any, of pH in the hydrothermal synthesis 
 
Figure 5.3. Plot of average particle size and deviation for 34 and 35 versus the pH of the 
precursor mixture. 
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employed. This pH study was not conducted for 33 and 36 because further optimization 
of these synthetic procedures is required and is currently being conducted by another 
group member, Anny Hierro.223 For the pH studies, the time and stoichiometry during 
synthesis were maintained at the values described in the synthetic section. For both Co- 
and Ni- ferrites, the pH of the reaction mixture must be greater than 7.4 to generate any 
ricinoleate coated nanoparticles. Reactions with a pH lower than 7.4 resulted in no 
dispersible materials. This failure is likely the result of not forming sufficient quantities 
of metal oxide precursors near neutral pH values. Figure 5.3 shows the dependence on the 
size of Co- (black) and Ni-ferrite (red) nanoparticles as a function of pH. There is no 
clear dependence on the observed size of the nanoparticles as a function of pH, but it was 
noted that nanoparticles prepared at the weakly basic pH of around 8 resulted in a larger 
particle distribution as indicated by the bars in Figure 5.3. Instead, the data give a pH 
window from 9—11 with which syntheses can be conducted to form monodisperse 
nanoparticles.  Therefore, a pH of 9 was chosen as optimal.  
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5.3.3. Determination of Time Dependence on Nanoparticle Size. The reaction time for 
hydrothermal syntheses can also play a role in the size of nanoparticles generated.130 
Long soak times can generate larger particles as the result of the Oswald ripening 
process.224 The reaction times for Co- and Ni- ferrite were modulated from 2 to 16 hours 
with the other variables kept constant as presented in the synthetic section above. The 
 
Figure 5.4. Plot of average particle size and deviation for 34 and 35 versus the reaction 
soak time. 
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nanoparticle size was measured using DLS and all the prepared materials analyzed by 
EDX to confirm the MII:FeIII2 stoichiometry. The data are presented in Figure 5.3 and 
suggest that the size of the nanoparticles prepared can be tuned by varying time. As 
shown in Figure 5.4, the Co-derivative only gets slightly larger by increasing the soak 
time from 2 to 18 h. It was possible to measure the size of the particles after a soak time 
of only two hours, however, there was a substantial amount of uncreated solid that was 
separated from the nanoparticles suggesting incomplete formation of nanoparticles at 
short reaction times. The size distribution of the nanoparticles at 20 h is drastically 
improved, with a very narrow deviation of only ± 0.1 nm (less than 1%). The Ni-ferrite 
nanoparticles show some size dependence on the reaction time increasing in size in a near 
linear fashion from a reaction time of 2—16 hours. Similarly to the Co-derivative, the 
short reaction time of two hours resulted in a significant amount of insoluble material 
suggesting an incomplete formation of nanoparticles. There is no marked difference in 
the monodispersity of the samples as a function of time. The syntheses of 35 and 38 were 
not sufficiently optimized to conduct a series of precise analyses of the particle size as a 
function of temperature and an in-depth study of the optimization conditions for these 
two complexes by another group member is underway.223 
5.4. Conclusions. In summary, ricinoleate coated nanoparticles of four spinel ferrites of 
the form MFe2O4 · RA (M = Mn, 35; Co, 36; Ni, 37; Zn, 38) have been prepared via a 
hydrothermal method and characterized. The importance of the critical synthetic 
variables of pH and time have previously been established for oleic acid coated 
nanoparticles,120 so it was undertaken to study the impact of these variables on the size 
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and monodispersity of the directly prepared ricinoleic particles reported herein. It was 
determined that the most monodisperse samples of CoFe2O4 · RA could be prepared with 
a pH of 9 and a soak time of 18 hours. The best conditions for the preparation of NiFe2O4 
· RA was determined to be a pH of 10 and a reaction time of greater than 10 hours. The 
optimization of the synthetic conditions for MnFe2O4 · RA and ZnFe2O4 is ongoing.223 
This hydrothermal synthetic method for the preparation of ricinoleate coated spinel 
ferrites represents a facile and reproducible way to prepare nanoparticles with a surfactant 
possessing functional groups that may be exploited through post synthetic modification to 
further tailor the nanoparticle surface for advanced applications.  
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